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In dieser Arbeit wurden mit Hilfe einer Kombination aus „metal assisted chemical etching“ (MACE) 
und Polystyrol-Nanopartikel-Lithographie, Säulen-strukturierte Siliziumoberflächen mit 
verschiedenen Säulendurchmessern und –längen, wie auch unterschiedlichen Säulenabständen, 
synthetisiert. Das im Anschluss durchgeführte Elektropolier-Verfahren verhalf dabei, die durch den 
MACE-Prozess erhöhte Oberflächendefektdichte (DSS) zu reduzieren. Dieses Verfahren wurde von in 
situ Photolumineszenzmessungen unterstützt, um bereits während des Elektropoliervorgangs 
Aussagen über die Veränderung der DSS treffen zu können. Eine im Anschluss an das 
Elektropolierverfahren durchgeführte Methylpassivierung erwies sich als notwendig, um den Zustand 
der reduzierten DSS für einen längeren Zeitraum an Luft stabil zu halten. Die elektropolierten und 
methylpassivierten Oberflächen wurden als Substrate in Kombination mit dem leitfähigen Polymer 
PEDOT:PSS für die Herstellung von Hybridsolarzellen verwendet. Im Vergleich zu Zellen deren 
strukturierte Oberfläche nicht zuvor elektropoliert worden ist, kam es bei den zusätzlich 
elektropolierten Zellen zu einer Effizienzverbesserung und einer Erhöhung des Kurzschlussstroms 
(JSC). Drei verschiedene elektrochemische Verfahren zur Veränderung der Säulen-Morphologie, 
nämlich Potentialscans, Potentialstufen und das Anlegen eines konstanten Potentials, sind in dieser 
Arbeit ebenfalls untersucht worden. Die erwähnte Methylpassivierung stellt nur eine Form der 
Passivierungsmöglichkeiten dar, die zudem im Prinzip vorrangig dazu dient, die Oxidation der 
Siliziumoberfläche zu verhindern. Um die strukturierte Oberfläche aber auch in anderen Bereichen, 
wie etwa der Biosensorik, verwenden zu können, bedarf es weiterer Formen der Funktionalisierung. 
Im Rahmen dieser Arbeit wurde ein Syntheseweg entwickelt, der es ermöglicht direkt an das 
Siliziumsubstrat gebundene Hydroxylgruppen zu erhalten, ohne dass es zu einer Bildung von 
intermediären Oxidschichten zwischen Substrat und den Hydroxylgruppen kommt.  Diese wurden 
anschließend mit verschiedenen Silanen umgesetzt, um organische Gruppen an die Oberfläche zu 
binden. Die gebundenen Silanderivate können im Folgenden weiter modifiziert werden, um die 
selektive Anbindung von Biomolekülen zu ermöglichen. So wurde das innerhalb der Arbeit 
verwendete Silan APTES beispielhaft mit einem Maleimidderivat gekoppelt, um die selektive 




































Within this work, the “metal assisted chemical etching” (MACE) technique was combined with 
shadow nanosphere lithography to fabricate nanowire structured Si surfaces with different wire lengths 
and diameters. Electropolishing procedures subsequent to the wire growth resulted in a reduction of 
the surface defect density (DSS), which is generally increased after texturization processes such as 
MACE. With the help of in situ photoluminescence spectroscopy, it was possible to directly monitor 
the surface properties during the electropolishing experiments. Previous works already observed a full 
and air stable surface passivation of flat Si surfaces by methylation. Also in the present work, the 
nanowire surfaces were methylated after the electropolishing procedure to preserve the reduced DSS. 
To determine the impact of this method on the solar cell performance, the electropolished and 
methylated surfaces were combined with the conductive polymer PEDOT:PSS. The solar cell 
parameters of the fabricated hybrid solar cells were then compared with the parameters of the cells that 
did not contain electropolished substrates. It revealed that the cells with the electropolished substrates 
exhibit a higher efficiency and an increased short circuit current (JSC). Three different electrochemical 
procedures to change the wire morphology after the structuring, like potential scans, potential sweeps 
and the application of a constant potential, have been investigated as well. The methyl passivation is 
primarily implemented to prevent the surface from oxidation. However, to use the Si substrates for 
other applications, such as biosensing, different passivation/functionalization techniques are required.  
In this thesis, a new functionalization procedure was developed to obtain air stable hydroxyl groups 
that are directly bound to the Si substrate without an intervening oxide layer. Usually, hydroxyl groups 
are only present on the Si oxide layer due to the fast oxidation of Si at ambient conditions. To 
demonstrate the possibility to use these hydroxyl groups in the same way as the hydroxyl groups 
present on a Si oxide layer, further modifications with different silane species, such as APTES and 
AMMS, were conducted. In case of APTES, the terminal amino groups already enable the 
immobilization of biomolecules. In order to generate a more selective anchor group, the bound APTES 
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The present work was focused on the preparation and modification of nanowire-structured Si surfaces, 
that are used in many different fields. In case of photovoltaic devices, the use of (nanowire) structured 
surfaces results in improved light absorption properties due to light trapping effects.
1,2
 Because of the 
better light absorption, the absorber layer thickness can be effectively reduced, leading to considerable 
savings in material costs. This displays a great advantage, since the costs of the Si material still 
constitute approximately 50% of the total costs of a solar cell.
3
 However, the surface defect density, 
DSS, is strongly increased after structuring procedures, which in turn enhances the amount of surface 
recombinations and thus lowers the performance of the future device.
4
 Since for many applications it 
is desired to have the lowest amount of surface recombination as possible, an electropolishing 
procedure to reduce DSS subsequent to the surface structuring is investigated in this thesis. In situ 
photoluminescence spectroscopy can be used during the electropolishing procedure to obtain an 
immediate feedback about the changes in DSS. Therefore, this method displays an important tool for 
the present thesis. In order to preserve a low DSS and to prevent the surface from oxidation, which 
would again increase DSS, a suitable surface passivation was sought. Methylation of flat hydrogen-
terminated Si surfaces is already known to lead to a complete surface passivation and to prevent the 
surface from oxidation.
5
 In this thesis, it is determined whether methyl passivation could be 
implemented to passivate nanowire structured surfaces, electropolished and non-electropolished, as 
well. Furthermore, it is investigated if this kind of passivation also exhibits a long-term stability, as it 
has been already observed for flat Si surfaces in other studies.
6
 Both aspects, a structured surface with 
a low amount of surface defects and a complete and stable surface passivation, are important regarding 
the fabrication of (solar cell) devices. Therefore, it is further investigated how both aspects influence 
the solar cell parameters in hybrid devices, where the inorganic Si substrate is combined with an 
organic polymer layer (PEDOT:PSS). In contrast to the fully inorganic Si solar cells, hybrid cells are 
less expensive and highly energy demanding processes for the generation of a p-n junction are not 
required.
7
 Another aspect of this work was the question, whether the structures obtained by different 
techniques could be further altered in morphology by electrochemical procedures. This would allow 
for new possibilities to precisely define the surface morphology, depending on the desired use. Si 
nanowires also find application in biosensor devices, which play an important role in e.g. disease 
diagnostics. The specific detection of certain biomarkers requires a suitable functionalization of the 
wire surface that enables the selective immobilization of the desired biomolecules. A great many of 
the methods used for surface functionalization rely on silane chemistry.
8
 This method results in the 
covalent binding of different organic molecules to the oxide layer of wire surface. More precisely, the 
molecules are bound to the hydroxyl groups present at the SiO2 surface. It has been revealed by 
different studies that the intervening Si oxide layer is rather unfavorable and a higher transconductance 
was observed, if the molecules are directly bound to the surface via Si-C bonds.
9
 Furthermore, the 




 It was therefore aimed to find a pathway, with which hydroxyl groups can be 
directly obtained on the Si surface without an intervening oxide layer. The hydroxyl groups, which are 
directly bound to the Si surface, are supposed to be air-stable and it should be possible to conduct 
functionalization procedures by making use of the silane chemistry, as it is case for hydroxyl groups 
present on a Si oxide layer. The presence of single standing hydroxyl groups, as well as of the 
subsequent functionalization, is determined by infrared ellipsometric spectroscopy (IRSE). This 
method is very sensitive and enables the detection of very thin molecular layers. 
This work is arranged as follows: 
Chapter 1 introduces the fundamental properties of Si and the most important procedures towards 
surface structuring. The basic underlying principles of the Si/electrolyte junction and of the 
electropolishing procedure to reduce DSS after the structuring are discussed. Furthermore, different 
passivation and functionalization techniques are described, which are used to integrate various organic 
functionalities at the semiconductor surface. Regarding biosensor devices, the surface 
functionalization with biomolecules is of high importance. Additionally, the solar cell parameters are 
outlined in brief. 
Chapter 2 comprises the all the herein used methods and experiments used for preparation and 
characterization of structured or flat Si surfaces, with or without surface functionalization. 
Chapter 3 outlines the impact of the electropolishing procedure and the subsequent methyl 
passivation on the electronic properties of Si surfaces. Hybrid solar cells with electropolished Si 
surfaces are compared with hybrid solar cells with non-electropolished surfaces. 
Chapter 4 resumes different electrochemical strategies, with which the wire diameter and the 
morphology of nanowire structured Si surfaces can be altered.  
Chapter 5 presents a pathway to obtain free standing hydroxyl groups on the Si surface. The hydroxyl 
groups are directly bound to the substrate without an intermediate oxide layer, as it was determined by 
IRSE measurements. Further functionalization by silanes allowed for the introduction of organic 
moieties such as amino groups, ester functions as well as the binding of maleimide derivatives. 








In this chapter, the fundamental principles and mechanisms relevant for the understanding of the 
present thesis will be introduced. The most essential properties of silicon (Si) will be described. For a 







are recommended. Chemical and electrochemical pathways to obtain functionalized surfaces will be 
presented. The next part will focus on the fabrication of nanowire structured Si surfaces and the two 
most common fabrication methods will be explained. Moreover, the recombination processes taking 
place in the bulk and at the Si surface will be discussed, which play an important role for device 
applications. Great emphasis is placed on the electrochemistry of Si, since electrochemical etching 
processes display a large part of this thesis. Basic characteristics of the Si surface in contact with a 
fluoride containing solution will be described, as well as its potential-dependent behavior. Finally, the 
most important solar cell parameters are briefly discussed. The interested reader is referred to the 
assigned references for more details.
 
1.1 Properties of Si 
Silicon (Si) is the second most abundant element on earth, only exceeded by oxygen. In its crystalline 
form, Si has a diamond crystal lattice structure as illustrated in figure 1.1.
13,15
 The diamond structure is 




Figure 1.1: The diamond crystal lattice, which belongs to the face centered cubic (fcc) structures (atoms 






The diamond structure belongs to the tetrahedral phases. Hence, each atom is surrounded by four 
equidistant neighboring atoms, which are located at the corners of a tetrahedron.
13





described as two cubic face centered (fcc) lattices, that are merged into one another and that are shifted 
alongside the space diagonal about one quarter of the space diagonal length.
12
 By cleavage of the 
crystal, different crystal planes can be obtained, which are usually described by the Miller indices 
(hkl). The Miller indices of important planes in a cubic crystal are illustrated in figure 1.2. 
 
 




The plane orientation of the crystal surface obtained after cleavage has an important impact on the 
surface properties and reactivity.
13,176
 In the present work, Si(100) and Si(111) planes have been used. 









As it can be seen in figure 1.3, the Si(100) surface ideally exhibits two dangling bonds per Si atom, 
whereas the Si(111) surface has only one single dangling bond per Si atom. For any application Si is 
used for, the quality of the starting material is of critical importance. Chabal et al. were the first who 
investigated a simple etching procedure which lead to a well-defined H-Si(111) surface.
19
 They found, 
that atomically flat H-Si(111) surfaces can be achieved by wet chemical etching in 40% ammonium 
fluoride (NH4F) solution that has a pH value of 8-9.
20,21
 If the same chemical etching procedure is 
conducted on a Si(100) surface, an unfavorable surface roughening would be obtained.
19
 To passivate 
Si(100) oriented surfaces, usually diluted HF solutions (< 10%) are used, although this treatment leads 





surfaces, other techniques, including procedures at ultrahigh vacuum (UHV), have to be used.
19,21,22
 
First, the Si(100) sample is cleaned by a number of oxidation and etching cycles, to remove 
contaminated surface layers. The oxidation is conducted in a sulfuric acid (H2SO4) and hydrogen 
peroxide (H2O2) containing solution, whereas the etching proceeds in aqueous hydrofluoric acid (HF). 
The “clean” Si(100) surface is then transferred into an UHV-chamber. The pressure is lowered, and 
the sample is heated at a temperature of < 900 K for 5-30 minutes. This procedure not only removes 
surface oxides, but also results in an atomically flat surface.
21,23
 Since the interatomic spacing of the Si 
atoms of a Si(100) surface perfectly matches the lattice constant of silicon oxide (SiO2), primarily 
Si(100) oriented wafers are used for commercial microelectronic devices.
18,24
   
In general, hydrogen terminated Si surfaces stand out due to their remarkably low density of 
surface states.
25,26
 Furthermore, hydrogen terminated Si surfaces are chemically inert towards a wide 
range of common solvents, which of course is advantageous for following surface functionalizations.
18
 
However, if a hydrogenated Si surface is left under ambient conditions, a thin film of native oxide is 
generated already after several minutes.
27,28
 In the most cases, surface oxidation is not desirable if the 
oxide is not grown under controlled conditions, because surface states are introduced, which increase 
the surface recombination velocity.
29,30
 Moreover, native oxide layers suffer from fluctuations in the 
relative number of Si-O-Si and Si-OH linkages. This results in a chemical variability, which impairs 
the reproducibility of quantitative immobilization experiments.
31
 In the following, different organic 
modifications are presented, which prevent surface oxidation and are further used to incorporate 
chemical and biological functionalities.  
 
1.2 Surface modification 
To prevent surface oxidation, the Si-H bonds can be exchanged by kinetically stable Si-C bonds.
18
 It 
was determined, that a full and air stable monolayer coverage of the Si surface can be achieved by 
methyl passivation (-CH3).
5,6
 Because of steric hindrance, the passivation by other organic molecules 
larger than the methyl moiety, does not lead to a complete surface coverage. Even the passivation by 
ethyl groups (-C2H5) leads to a 80% surface coverage only.
22,32
 The generation of organic monolayers 
displays a useful tool to obtain well-passivated Si surfaces and to provide functional interfaces.
18,22,33
 
Different approaches regarding the surface modification by different organic molecules, resulting in 
surface passivation and/or functionalization, will be introduced in the following paragraphs. 
 
1.2.1 Surface modification by Grignard reagents 
Usually, the grafting of organic species onto the Si surface is conducted via the generation of siloxane 
bonds. To realize direct Si-C-R bonding, which is thought to have a superior stability in comparison 
with the siloxane bonds, Grignard reagents can be used.
5
 The Grignard reagent (RMgX; R: organic 





easy preparation and high structural versatility.
34
 Since Grignard reagents exhibit a high reactivity 
towards water, they have to be used under anhydrous conditions.
35
 The grafting can be conducted via 
electrochemical or chemical reactions. Both pathways are presented in the next subchapters. 
 
1.2.1.1 Electrochemical modification of the Si surface by Grignard reagents 
The electrochemical grafting of organic species R proceeds over several steps.
36
 The first step 




 RMgX + h
+






 → R·. (1.2) 
The generated alkyl radicals can react in three different ways. They can abstract a hydrogen atom from 
the solvent molecules (equation 1.3), they can undergo dimerization (equation 1.4), or they can 
abstract a hydrogen atom from the Si surface (equation 1.5), which leads to the generation of dangling 
bonds: 
 R· + SolvH → RH + Solv·, (1.3) 
 
 R· + R· → RR, (1.4) 
 
 ≡Si-H + R· → ≡Si· + RH (fast). (1.5) 
According to ref. 
36
, the reaction represented by equation 1.5 was found to be kinetically favored and 
thus faster than the displacement reaction (1.3) or the recombination reaction (1.4). The obtained ≡Si· 
surface exhibits a high reactivity.
35
 The generated dangling bonds react either with another Grignard 
reagent (equation 1.6) or with another alkyl radical (equation 1.7): 
 
 ≡Si· + RMgX + h+ → ≡Si-R + MgX+, (1.6) 
 






Both reactions lead to the grafting of R onto the Si surface. Although the abstraction of a hydrogen 
atom from the solvent by Si is energetically unfavorable, it is possible, especially if high 
concentrations of solvent molecules are present:
36
 
 ≡Si· + SolvH → ≡Si-H + Solv·. (1.8) 
 
The electrochemical grafting reaction of one molecule needs the transfer of two charges. Some cases 
have been discussed where the grafting proceeds via the chemical reaction ≡Si· + AB/B-. However, 




1.2.1.2 Chemical modification of the Si surface by Grignard reagents 
To modify the Si surface by alkyl Grignard reagents via a chemical reaction, a two-step reaction 
sequence of halogenation of the hydrogenated Si surface and a subsequent alkylation is required.
33,38,39
  
Chlorination of a hydrogenated Si surface can be achieved by exposing the surface to a PCl5 solution 
at elevated temperatures in the presence of a radical initiator.
33,39,40
 A Si-Br termination can be 
obtained using pure bromochloroform (CCl3Br) or N-bromosuccinimide (NBS). The halogenation by 
NBS is usually initiated by a radical initiator such as benzoyl peroxide. The halogenation by 
bromochloroform can be started either by thermolysis or photolysis without the use of a radical 
initiator or an additional solvent.
41
 Equations 1.9 and 1.10 illustrate the two-step modification of a Si 
surface comprising bromination and subsequent alkylation: 
 ≡Si-H 
CCl3Br




→    ≡Si-R + MgBrX.  (1.10) 
 
The alkylation of a halide-terminated surface leads to a good chemical and electrical passivation of 




1.2.2 Chemical surface modifications by silanes 
The chemical modification of Si surfaces is not restricted to hydrogenated or halogenated surfaces. 
Oxidized Si surfaces can be functionalized as well. The first report regarding the modification of 
oxidized surfaces by chloro- and alkoxy silanes, which leads to a molecular layer, was published in 
1980 by Sagiv et al..
32
 Nowadays, silanes are commonly used to covalently attach various organic 
molecules as adhesion promoters or cross linkers on hydroxylated surfaces, such as glass/quartz, SiO2, 
metals, metal oxides, polymers, plastics or diamond.
43,44
 A wide variety of different silanes exists and 





and fabrication of such selectively functionalized surfaces is important for many different research 
fields, such as biotechnology, biomaterials, chromatography and for the development of biosensor 
devices.
45,46
 Irrespective of the silane used, there is a consensus regarding the silane film formation on 
a Si substrate, which is illustrated in figure 1.4.
47
 The silanization reaction starts with the water 
catalyzed hydrolyzation of the alkoxy (or chlorine) groups of the silane molecule, which leads to the 
formation of silanol groups (figure 1.4 a)).
48,49
 The initial hydrolyzation step can either occur in 
solution or at a substrate and strongly depends on the amount of water present in the system.
47,50
 
However, the silanization is usually conducted under anhydrous conditions to prevent polymerization 
of the silane in the reaction medium, which would result in poor grafting.
51
 The hydrolyzed silane 
molecules subsequently react with the hydroxyl groups of the silica surface via a condensation 
reaction. As a result, a silane monolayer is generated, in which the functional groups R2 are oriented 
away from the underlaying silicon substrate (figure 1.4 b)).
48
 The driving force for the silanization 






Figure 1.4: The silanization reaction. a) Hydrolysis of an alkoxy group of the silane molecule. b) Condensation 
reaction of the silanol group of the Si surface and of the silane molecule. 
 
However, figure 1.4 rather describes a simplified and idealized reaction scheme.
48
 Many studies 
revealed a strong dependence of the reaction kinetics and the later film morphology on the reaction 
conditions, such as the temperature, solution concentration, reaction time and the used solvent, 
especially if R2 comprises reactive functional moieties.
43,47,52
 Among the different silane species that 
are available, 3-Aminopropyltriethoxysilane (APTES) is one of the most frequently used, because of 











Figure 1.5: 3-Aminopropyltriethoxysilane (APTES)  
Amino-terminated surfaces play an important role for the immobilization of biomolecules such as 
proteins, antibodies or antigens. If the reaction conditions are carefully controlled, APTES monolayers 
can be obtained.
45,52
 The APTES films can be further modified to obtain a more specific 
immobilization capability towards certain biomolecules, which is particularly important if biosensor 
applications are considered.  
Gunda et al.
54,55
 further modified the APTES layer on SiO2 substrates to obtain a surface that can be 
used for the detection of the dengue NS1 virus by fluorescence immunoassays. Immunoassays make 
use of the highly specific binding between an antigen (analyte) and an antibody and are therefore 
highly sensitive and selective. The immunoassay procedure Gunda et al.
54,55
 used for their 











Figure 1.6: The standard immunoassay procedure for the detection of dengue NS1. a) Cleaning with piranha 
solution, b) treatment with APTES solution to obtain a terminal amino group for bioconjugation of antibodies, c) 
treatment with glutaraldehyde solution to obtain a terminal aldehyde group to bind with primary amines of 
proteins, d) addition of dengue NS1 capture antibodies e) addition of dengue virus antigen solutions, f) addition 
of FITC (fluorescin isothiocyanate). Reprinted by permission from Springer Nature: Springer US, Biomedical 
Microdevices (Micro-spot with integrated pillars (MSIP) for detection of dengue virus NS1; N.S.K. Gunda, M. 
Singh, Y. Purwar et al.; © Springer Science+Business Media New York 2013, 2013, doi:10.1007/s10544-013-
9787-3.biomed microdevices).55  
 
They further obtained a better fluorescence signal intensity if pillar-structured Si surfaces instead of 
flat Si substrates are used. The larger surface area of the pillar-structured surface results in a higher 
surface density of covalently attached antibodies and thus the sensitivity as well as the signal intensity 
of the fluorescence based immunoassay strongly increases.
55
 The following chapter introduces 
different pathways with which structured Si surfaces can be obtained.  
1.3 Structuring of Si – Growth of nanowires 
As it was briefly pointed out in the previous chapter, the larger surface area of a structured surface 
resulted in an enhanced fluorescence signal intensity in comparison to a non-structured surface.
55
 




SiNW based sensors are typical field effect transistor (FET) devices. In such devices, the binding 
of charged target molecules to the receptor molecules on the SiNW surface induces a change in the 





conductance of the NW device, which can be measured. Due to the large surface-to-volume ratio of 
the NWs, already the presence of a few target molecules on the surface influences the carrier 
distribution in the bulk of the nanometer-diameter structure. In comparison, the binding of target 
molecules on planar FET devices only modulates the carrier density at the surface, which strongly 
limits the sensitivity of detection.
56–60
 In this way, various chemical and biological species can be 
directly detected, without the requirement of labeling.
61
  











. Furthermore, Si-NW based sensors also demonstrated 
ultrasensitive detection of different pH levels.
67
 Patolsky et al. demonstrated the fabrication of an on-
chip SiNW-based filtering, selective separation, desalting, and preconcentration platform for the direct 
analysis of complex biosamples, like whole blood samples. The separation of the desired target 
proteins was done by using an antibody-modified SiNW-forest. The target proteins selectively bound 
to the antibody-modified NWs, whereas unwanted components of the sample, like cells or other 
proteins, were removed. The target proteins were released in a controlled medium and subsequently 
detected by highly sensitive SiNW-based FET arrays on the same chip platform. A schematic 




Figure 1.7: Schematic representation of the SiNW-based selective filtering and sensing device on a single chip 
platform. Reprinted with permission from the American Chemical Society, V. Krivitsky, L.-C. Hsiung, A. 
Lichtenstein, B. Brudnik, R. Kantaev, R. Elnathan, A. Pevner, A. Khatchtourints, F. Patolsky, Nano Letters, 




The preconcentration of biomolecules can be achieved by different methods like solid-phase extraction 
69,70
 or dielectrophoresis 
71,72
, just to name a few. However, most of these techniques are difficult to be 
integrated on the same lab-on-chip platform as the detection unit. Furthermore, some systems are 
unable to separate and selectively concentrate the specific desired target molecule or exhibit other 
limitations. Hence, the integration of a specifically surface modified SiNW forests is a promising way 





detection of various biomolecules.
68
 SiNWs of different sizes, shapes and doping densities can be 
prepared by different techniques. Thus, the morphology of the wires can be precisely tailored for the 
desired application.  
In general, the two major techniques for the preparation of SiNWs are distinguished in “bottom-up” 
and “top-down”.73 In the following, the vapor-liquid-solid (VLS) mechanism will be introduced as a 
representative for the bottom-up techniques and due to its widespread use.  
 
1.3.1 Bottom-up techniques (VLS) 
The vapor-liquid-solid procedure was already developed in 1964 by R.S. Wagner and W.C. Ellis.
74
 A 
schematic illustration of the growth mechanism can be seen in figure 1.8. 
 
Figure 1.8: Illustration of the VLS mechanism: Au particles form an eutectic alloy with the Si, that further 
serves as the catalyst for the depicted reaction (Si reduction). The generated Si atoms are absorbed by the alloy 




At first, gold (Au) particles are deposited onto the Si surface. At a specific temperature, these particles 
form an alloy with the underlying Si. The Au-Si eutectic alloy exhibits a lower melting point, than it is 
observed for pure Au or pure Si. For a ratio of Au:Si 4:1, the Au-Si alloy has a melting temperature of 
363 °C. Due to the catalytic effect of the Au-Si alloy, tetrachlorosilane (SiCl4) can react with hydrogen 
gas at lower temperatures, as it is shown in figure 1.8. The generated Si is then absorbed from the 
vapor phase by the Au-Si droplet. Since the melting point of Si is about 1414 °C, Si atoms precipitate 
at the liquid-solid interface and the wire starts to grow. During the procedure, the Au-Si alloy droplet 
resides on the top of the growing wires.
75
 To achieve a very clean environment and a higher 
reproducibility, the VLS procedure can be combined with molecular beam epitaxy (MBE).
76
 However, 
this technique has some disadvantages. It was determined, that Au atoms diffuse into the Si wire 
during the growth process. Since they are not removed together with the Au droplet after the 
experiment, they generate deep level trap states in the band gap that serve as recombination active 
centers.
77





the diameter. This makes it difficult to obtain nanowires with a uniform orientation relative to the 
surface.
78
 Another possibility to obtain Si nanowires is the metal assisted chemical etching (MACE) 
procedure, which will be introduced in the next chapter. This technique enables a low-cost and simple 
generation of Si nanowires. In contrast to the VLS mechanism, using MACE, the crystallographic 
orientation of the wires does not depend on the wire diameter and a broader variety of different 
morphologies can be obtained.
79
      
 
1.3.2 Top-down techniques (MACE) 
First investigations towards the metal assisted chemical etching on Si surfaces were conducted in 1997 
by Dimova-Malinovska and co-worker. An aluminum covered Si surface was exposed to an aqueous 
etching solution containing HF and HNO3. They observed the generation of porous Si underneath the 
aluminum layer, because aluminum served as a catalyst for the reduction of hydrogen peroxide, which 




 H2O2 + 2 H
+
 → 2 H2O + 2 h
+
.  (1.11) 
Due to this reaction, a sufficient number of holes is provided to etch the underlying Si. As a result, the 
reduction of hydrogen peroxide and the dissolution of Si are taking place simultaneously. Many 





 Si + 6 HF + 
n
/2 H2O2 → H2SiF6 + n H2O + [
(4-n)
/2] H2. (1.12) 
It was determined, that the regions of porous Si formation can be selected by depositing Al masks 
instead of covering the whole surface.
82
 In the following decades, the MACE procedure was 
elaborated more, especially towards the generation of high quality nanowires. However, the basic 
principles stayed the same. The first step is the deposition of a metal that should serve as the catalyst 
for the reduction of hydrogen peroxide. Usually noble metals like gold or silver are used for this 
purpose. Since the Si surface will be etched directly below the metal layer, the shape of the deposited 
metal determines the shape of the resulting structure, which is in general not restricted to the formation 
of nanowires.
79
 To fabricate well-ordered periodic nanowire structured surfaces, the MACE procedure 
can be combined with shadow nanosphere lithography. Polystyrene nanospheres (PS) are quite often 
used for this purpose, since they can be easily deposited using a Langmuir-Blodgett trough.
3,83
 The 
general mechanism of the metal assisted chemical etching in combination with the shadow nanosphere 







Figure 1.9: Mechanism of the MACE procedure in combination with shadow nanosphere lithography. a) 
Deposition of polystyrene nanospheres by using a Langmuir-Blodgett trough. b) Reduction of the sphere 
diameter by oxygen plasma (RIE). c) Deposition of the metal catalyst. d) Removal of the polystyrene spheres. e) 
Exposure of the sample towards an etching solution resulting in nanowire formation. f) Removal of the metal 
catalyst. 
 
The deposited spheres are reduced by oxygen plasma. The obtained diameter of the spheres later 
determines the diameter of the generated nanowire. Therefore, by using different sphere diameters and 
exposing them to oxygen plasma for different time spans, a huge variety of different morphologies can 
be obtained. However, a huge disadvantage is the enhancement of surface defects after the etching 
procedure. These additional surface defects serve as recombination active centers in the band gap.
4
 
Surface and bulk recombination mechanisms will be introduced in more detail in the next chapter.  
 
1.4 Recombination of charge carriers  
In semiconductors, electron-hole pairs can be generated by the absorption of a photon with an energy 
larger than the band gap (Ehv ≥ EG), or by thermal excitation.
84
 However, electrons that are excited by 
energies larger than the energy of the band gap will quickly thermalize down to the conduction band 
edge, as it is illustrated in figure 1.10. After charge carrier generation, the excited electrons undergo a 
transition from the conduction band edge to the valence band edge where they recombine with a hole. 
The excess energy is either released as photons or phonons, or is transferred to other charge carriers, 
depending on the recombination mechanism. Commonly, it is distinguished between intrinsic and 
extrinsic recombination mechanisms.
84–86
 Figure 1.10 summarizes the different recombination 







Figure 1.10: Intrinsic and extrinsic recombination reactions of a semiconductor after absorption of a photon with 
the energy hv. a) Radiative direct band-band recombination. b) Auger recombination. c) Shockley-Read-Hall 
(SRH) recombination in the bulk. d) Recombination via surface defect states (mechanism analogous to the SRH 
recombination).
26,85
   
 
1.4.1 Intrinsic recombination 
Recombination reactions occur even in an ideal crystal lattice due to inherent crystal defects. The 
radiative band-band transition of an electron, as denoted as “a)” in figure 1.10. Here, the electron 
directly recombines with a hole present in the valence band under the emission of a photon with the 
energy of the band gap EG. The efficiency of the radiative band-band recombination is proportional to 
the product of the excess electron and hole concentration ΔnΔp.26 If indirect semiconductors, such as 
Si, are considered, the probability of the radiative recombination is inherently reduced, since phonons 
need to be involved in the recombination process to ensure momentum and energy conservation. In the 
band-band Auger recombination (figure 1.10 b)), the energy is transferred to either an electron or hole.  
As illustrated, the excited charge carrier then thermalizes to the respective band edge.
14,84
 The 
efficiency of this three-particle process is proportional to either Δn2Δp (n-type) or Δp2Δn (p-type).26 





1.4.2 Extrinsic recombination 
Impurities or lattice defects in the volume of the semiconductor crystal lead to discrete energy states Et 
in the band gap. The transition of an electron from the conduction to the valence band proceeds 




89. In figure 1.10 the recombination mechanism labelled “c)” illustrates the Shockley-Read-































more detailed description of the SRH recombination mechanism, four possible processes should be 
considered as illustrated in figure 1.11.
86,90,91
 
                   






The electron, which is trapped by the unoccupied defect level in process 1 in figure 1.11, can undergo 
either re-emission into the conduction band (process 2), or recombination with a hole from the valence 
band (process 3). Process 4 describes the hole emission where an electron moves from the valence 
band to the trap level Et.
86,90,91
 Dangling bonds at the semiconductor surface, as well as adsorbed 
impurities, increase the amount of defect states in the band gap. The recombination mechanism can be 
understood analogous to the SRH recombination mechanism in the bulk (process “d)” in figure 
1.10).
86
 The efficiency of the SRH recombination reaction is proportional to either the excess hole 
(Δp) or excess electron (Δn) concentration.26  
 
1.5 Electrochemistry of the Si surface 
The processes taking place at a Si electrode surface that is in contact with an electrolyte solution will 
be explained in the following section. First, the basic considerations will be explained, followed by an 
introduction to electrochemical etching and electropolishing of Si.  
 
1.5.1 Thermodynamic considerations 
The chemical potential is an important parameter to describe the thermodynamics of solutions and 
solid-liquid interfaces.
17
 Per definition, the chemical potential of a component A in a system is equal 
to its molar Gibbs free energy G, if pressure, temperature and the quantities of the other components in 






























For ideal solutions, the chemical potential is related to the concentration of the ion species and hence it 









 , (1.14) 
 
where cA is the concentration of component A in the solution, cA
°  is the concentration of component A 
at the standard chemical potential of μ
A
° , T is the temperature and R is the ideal gas constant. Note that 














° +R∙T ∙ln 
 aA
aA
°  ,  (1.15) 
 
where a is the activity. For diluted solutions, which were mostly used in the present thesis, the activity 
of component A can be assumed to be equal to its concentration (aA ≈ cA).
17
 When considering 
electrochemical reactions, charges are generated and consumed in addition to the chemical reaction. 
As a result, electric potentials φ are created and must be taken into account. If a z-valent species A 
from an infinite distance is introduced to a system with a certain potential φ, the electric work µel is 
necessary: 
 
 μel= zA∙F∙φ , (1.16) 
 
where F is the Faraday constant. The term μel adds to the chemical potential and the sum is denoted as 






 μ̃A= μA+ μel . (1.17) 
 




 are brought into 
contact, reactions will take place until the equilibrium is reached where both components have the 








 μ̃A = μ̃B = const. ,  (1.18) 
   
and 
 
 ∆μ̃ = ∆G = 0 . (1.19) 
 
 





° - R ∙T ∙ln (
aox
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°  is the electrochemical potential at standard conditions (T = 273.15 K; p = 1 bar), and aox 
and ared are the activities of the oxidized and the reduced species, respectively. The standard redox 
potential (E°) of a redox couple in solution, stated in [V], is mostly referred to a reference electrode 
such as the normal hydrogen electrode (NHE). The Fermi level of the NHE is defined as being close to 
-4.5 eV vs. vacuum level 
94
, but this approximation is still under debate. Therefore, the absolute energy 
of a redox couple against vacuum level can be calculated and a Fermi level EF, redox [eV] of a redox 




 EF, redox= EF, redox
° - kB∙T ∙ln (
aox
ared
) . (1.21) 
 
Here, EF, redox
°  is the Fermi level of a redox couple at standard conditions (T = 273.15 K; p = 1 bar), 
whereas kB denotes the Boltzmann constant. Alterations of the the activity of a redox species leads to 
a change of the redox potential. A reduction of the activity of the reduced species results in a more 
positive redox potential with respect to the standard redox potential. If the activity of the oxidized 





1.5.2 The Si / electrolyte interface 
If a semiconductor electrode is brought in contact with an electrolyte solution, reactions take place at 
the interface because of the different electrochemical potentials of the electrons in both species. The 
electrochemical potential of the electrons in a semiconductor equals the semiconductor Fermi energy 
and its negative work function.
17,95
 A thermal equilibrium is achieved, if the Fermi level EF of the 





commonly used electrolytes with a concentration of about 1 mol/l are considered, the electrochemical 
potential of Si is higher than the electrochemical potential of the electrolyte. As a result, electrons 
move from the Si surface into the electrolyte solution. The depletion of surface electrons leads to a 
positively charged space charge region (SCR) and, in turn, to an upward bending of the conduction 
and valence bands of the Si.
87
 On the solution site of the now positively charged Si-electrode surface, 
an excess of negatively charged ions can be found.
93
 Due to the lower concentration of charge carriers 
in the semiconductor in comparison to the electrolyte solution and the immobility of the ionized 
doping atoms, the SCR may extend over several microns.
87
 As a result, the main potential drop takes 
place at the semiconductor electrode site. Only a small part of the potential drop occurs at the solution 
site of the interface, since the charge carrier concentration is sufficiently high in the solution.  
If a common electrolyte with a concentration of 1 mol/l is considered, the charge carrier 




. For Si the charge carrier concentration is mostly about 10
15
 – 1018 cm-
3
, depending on the doping level.
87
 The compact layer of the negatively charged ions close to the 
electrode surface is denoted as Helmholtz layer.
93
 A scheme of the energy levels generated at the 
semiconductor – electrolyte interface is illustrated in figure 1.12.17 At this point it should be 
















Figure 1.12: The potential drop across the semiconductor - electrolyte interface at thermodynamic equilibrium 
EF = EF,redox. e∆Φsc is the potential across the space charge region (SCR) and e∆ΦH is the potential across the 




The theory of the generation of a rigid Helmholtz layer is somehow incomplete, since it does not 
consider the thermal motion of the ions which disturbs the formation of a compact layer.
92
 The thermal 
motion was taken into account by Gouy and Chapman, who established the theory of a diffuse layer on 
the solution site of the electrode. It was determined by Stern, that a combination of both theories, the 

































Figure 1.13: Illustration of the Stern model which combines the theory of the compact Helmholtz layer with the 
theory of a diffuse double layer established by Gouy and Chapman.
17,92,93
 SC: semiconductor. 
 
As can be seen, the total potential drop across the electrolyte site is composed of the linear potential 
drop across the Helmholtz layer and the exponential potential drop across the diffuse double layer. 
However, the extent of the diffuse double layer strongly depends on the ion concentration. Already for 
concentrations higher than 0.1 M, the extent of the diffuse layer can be entirely neglected. As a result, 
the entire potential drop takes place across the Helmholtz layer, as presented in figure 1.12.
93
  
In 1960, the Gerischer model
96,97
 was developed, which is often used to describe the electron 
transfer reactions at the semiconductor-electrolyte interface. According to this model, an electron can 
only be transferred from an occupied state in the semiconductor to an empty state in the redox system 
and from an occupied state in the redox system to an empty state in the semiconductor. Due to the 
interaction of the redox species with the solvent, the reorganization of the solvation shell and the 
thermal motion, no discrete energy levels can be attributed to the electrons of a redox couple.  
 
 
Instead, distribution functions are used to describe the present energy states: 
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] . (1.23) 
 
Wox and Wred describe the possibility to find an electronic state at the energy E, where Wred describes 
the Gaussian distribution of an occupied electronic level and Wox the Gaussian distribution of an 
empty level. W
0
 is a normalizing factor to obtain the integrated probability at unity. The reorganization 
of the solvation shell of the redox species after oxidation, or reduction, is regarded by the 
reorganization energy. The density of the electronic states, Dox(E) and Dox(E), is further proportional to 
the concentration of the oxidized or reduced species and can be written as: 
 




Dred(E)= credWred(E) . (1.25) 
 
Figure 1.14 illustrates the distribution functions of a redox system with equal concentrations of the 





Figure 1.14: Distribution functions of a redox system in contact with a semiconductor electrode at equilibrium 




If a potential φ is applied to a semiconductor electrode, the Fermi level is shifted. The magnitude of 
the shift and the direction of the band bending depends on the applied potential.
98
 It is distinguished 
between depletion, inversion and accumulation. Also flat band conditions can be obtained, where no 
band bending occurs.
87
 The charge conditions of the electrode surface define the properties of the 
semiconductor surface with regard to the charge transfer ability. In the following, only n-type Si will 
be considered. At the flat band potential φfb no space charge region is generated and therefore no 



























and the energy bands of Si close to the electrolyte bend downward. An accumulation layer is 
generated and the SCR can be denoted as negatively charged. As a result, the semiconductor electrode 
behaves similar to a metal electrode. If the applied potential is more anodic than the flat band 
potential, a depletion layer establishes since electrons are withdrawn from the semiconductor surface 
to the bulk of the semiconductor electrode. In this case the energy bands bend upwards and the SCR is 
positively charged.
98
 Under these conditions the Si electrode electrolyte junction behaves like a 
Schottky diode.
87
 The application of higher anodic potentials simultaneously leads to a stronger band 
bending. Inversion occurs, if the density of holes in the SCR exceeds the density of the electrons.
99
 
Electrons are now transferred from the electrolyte to the electrode and the observed current increases 
exponentially.
17
 The band diagrams for the different charge conditions of the semiconductor surface 





Figure 1.15: The band diagrams for the different band bendings for a n-type Si electrode in contact with an 




1.5.3 Electrochemical etching  
In general, Si surfaces can be etched either in acidic or in alkaline media. In this thesis, only the 
electrochemical etching of n-Si in acidic medium will be regarded. For more details about the 
chemical etching of Si in different media and under different conditions, basic textbooks like 
Memming 
17
 and Lehmann 
87
 can be recommended. Si cannot be etched in an acidic solution without 
the presence of hydrofluoric acid (HF). Without HF and at anodic potentials, the surface will be 
passivated by a native oxide layer.
87
 The current-potential (I-V) curve of n-type Si in an acidic HF 
containing electrolyte solution under illumination typically exhibits two current maxima and two 
current minima, as it is illustrated in figure 1.16.
87
 As a consequence, four different regimes can be 
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Figure 1.16: I-V characteristic of an n-type Si electrode in an acidic fluoride containing solution. The dashed 
line depicts the I-V curve obtained in the dark. The solid line illustrates the I-V curve obtained under 
illumination. Four different regimes can be identified: 1: cathodic current, 2: open circuit potential (no current), 




At potentials of regime 1, a cathodic current can be determined due to the accumulation of 
electrons. The Si atoms do not participate at any reaction here. In this cathodic regime, hydrogen 




 + 2 H
+
 → H2. (1.26) 
 
In the potential range of regime 2, the electrode is found to be inert, since no reactions occur at the 
semiconductor surface. As a result, no current flow is obtained. The position of the open circuit 
potential (VOCP), present in this regime, depends on different parameters, such as the illumination 
intensity, the doping density or the fluoride concentration. For the majority of Si substrates, VOCP is 
about -0.6 V vs. SCE in the dark and is slightly shifted towards a more cathodic potential upon 
illumination in the case of n-type Si.  
Regime 3 can be found at a potential exceeding VOPC, until the first current density maximum, JPS, 
is reached. At this regime, dissolution of Si takes place and the Si surface is covered with covalently 





 Si + h
+
 + 6HF + 4H2O → SiF6
2-






The rate determining species of the divalent dissolution reaction are holes approaching the Si surface. 
In comparison, the concentration of the etching fluoride species is quite large and Si is immediately 
etched at the surface sites which hold a positive charge.
87











leads to surface roughening and the formation of porous Si.
102
 The roughening of the surfaces is 
accompanied by the formation of dangling bonds and steps.
103
  
At current densities higher than JPS, the divalent dissolution is converted to the tetravalent 
dissolution mechanism. In this dissolution reaction, an initial surface oxidation occurs, which is 




 Si + 4h
+




 SiO2 + 2HF2
-
 + 2 HF → SiF6
2-
 + 2H2O. (1.29) 
 
The illumination of the surface in combination with the applied anodic potential leads to a surplus of 
holes at the surface and consequently the etching species HF/HF2
-
 become the rate determining 
species.
87
 As a result, the Si oxide is preferably dissolved at sites that stick out into the solution, since 
these sites are easily accessible for the etching fluorine species.
104
 A smoothing of the surface occurs 
and therefore this regime is also denoted as the electropolishing regime.
87
 For the sake of 






The use of electropolishing as a method to modify the Si surface from rough to smooth was at first 
investigated by Turner et al.
104
 Repetitions of oxide growth and dissolution (etch-back), also referred 
to as electropolishing, remove thin layers of Si and lead to a smooth and ideally hydrogenated Si 
surface with a low density of surface defect states.
27,106,107
 The onset of oxide growth or dissolution of 
Si in a diluted fluoride solution is controlled by the applied potential as it is illustrated in figure 1.17. 
If n-type Si is considered, additional illumination is required to initiate the surface oxidation, whereas 







Figure 1.17: IV characteristics of a n-type Si surface in contact with an acidic fluoride containing electrolyte and 
under illumination. Potential areas of oxide dissolution and oxide growth are indicated as well as the 
characteristic current density JPS and the according potential UPS, that mark the area of transition between both 
reactions. 
 
In figure 1.17, JPS denotes the minimum required current density to start the surface oxidation and UPS 
denotes the according potential which has to be exceeded.  
More details of the etching mechanism can be obtained by current density-time curves, J(t). An 
exemplary J(t) curve for a single repetition of oxide growth and dissolution of a n-type Si electrode in 
contact with a fluoride containing solution is depicted in figure 1.18. The beginning of oxidation is 



















Figure 1.18:  Current-time curve of a Si electrode in contact with a fluoride containing solution during oxide 




A dark current peak is observed when the etching front reaches the Si-SiO2 interface.
110
 During the 
oxide formation at higher anodic potentials, suboxide species are generated at the Si-SiO2 interface. 
When the oxide dissolution is initiated, these suboxide species undergo further oxidization and thereby 
insert electrons into the conduction band of Si, leading to a charge injection QD. The amount of charge 
is dependent on the amount of suboxide species at the Si-SiO2 interface. QD is especially high for Si-
SiO2 surfaces with a high roughness and therefore a high amount of suboxide species. For smooth 
surfaces, lower values of QD have been reported.
111
 As a consequence, it is possible to obtain 
information about the Si-SiO2 interface by analyzing the amount of charge transferred during the 
anodic current transients. After reaching a maximum, the current decreases to a low stationary value. 
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1.6 Electrical properties of solar cells 
The electrical properties of a solar cell under illumination are determined by the current-voltage (I-V) 
characteristics curve. Important solar cell parameters such as the open-circuit potential (VOC) and the 
short-circuit current (ISC) can be directly measured. Figure 1.19 depicts a schematic I-V curve of a 




Figure 1.19: A schematic I-V curve of a solar cell under illumination. 
 
ISC is the current obtained under short circuit conditions. At this state, no potential is applied across the 
cell (V = 0). In the ideal case, ISC is equal to the light-generated current (IL). At VOC, which is the 
maximum potential that can occur across the cell, no current is extracted (I = 0). Both parameters, VOC 
and ISC, are strongly interconnected.
90
 However, at the optimal operating point of the solar cell, rather 
the current Im and the potential Vm determine the maximum power, Pm, that can be withdrawn from the 
device. The fill-factor (FF) displays a measure, with which it can be determined how well the 











Because of physical constraints of the cell quality, the practical limit of the fill factor is less than the 






Finally, the efficiency, η, of a solar cell is defined as the ratio of the maximum power output and the 



























































2. Experimental methods 
In this chapter, methods for the preparation of structured and functionalized Si surfaces, as well as the 
spectroscopic techniques used for the subsequent characterization will be introduced. At first, the 
preparation of nanowire structured Si surfaces by metal assisted chemical etching (MACE) will be 
described. The use of this technique allowed for the fabrication of a wide range of different surface 
morphologies. After the MACE procedure, the wire morphology can be tailored by different 
electrochemical processes, which will be explained afterwards. Electropolishing procedures were 
established to reduce the surface defect density (DSS), which is generally found to be increased after 
the structuring procedures. Different techniques were used to chemically modify the Si surface, either 
to prevent oxidation after the electropolishing process, or to introduce various functionalities on the 
semiconductor surface. In situ photoluminescence (PL) measurements were used to constantly monitor 
the effectiveness of the electropolishing procedure on the reduction of DSS, whereas ex situ PL 
measurements were used to determine the electronic quality of the Si surfaces before and after the 
electropolishing procedure and surface passivation. The presence of different functional groups on the 
Si surface was confirmed by infrared spectroscopic ellipsometry (IRSE). Long-term IRSE 

















2.1 Preparation of nanowire structured Si surfaces (MACE) 
The theoretical principles of the metal assisted chemical etching (MACE) in combination with 
polystyrene nanosphere lithography have been already described in chapter 1.3. The length and the 
diameter of the resulting wires can be defined by the initial sphere diameter, the time period for the 
reactive ion etching and the time period for the MACE process itself.
25,79,83
 The experiments were 





 and a resistivity of 1-5 Ωcm. The wafers were cleaned following the standard RCA 
procedure.
115
 A back-surface-field was implemented on the backside of the wafer by the deposition of 
a 5 nm intrinsic a-Si:H(i) and a 20 nm highly n-doped a-Si:H(n
+
) layer. The spheres for the 
nanospheres lithography were deposited on the Si surface by using a Langmuir Blodgett trough.
116
 
Using this technique, a densely packed hexagonal monolayer array of the spheres establishes on the Si 
surface as seen in figure 2.1.  
 
Figure 2.1: A densely packed hexagonal monolayer array of polystyrene nanospheres on a Si surface. 
 
In this thesis, polystyrene spheres of different diameters from 300 nm up to 1000 nm were used 
(commercially available at Microparticles GmbH). In the next step, the diameter of the spheres was 
decreased by reactive ion etching (RIE), using oxygen plasma (60 sccm, 30 W). The RIE time period, 
which was varied between 3 and 16 minutes, determines the final diameter of the spheres and thus the 
diameter of the resulting wires. Since the etch rate of Si in a fluoride containing solution is very slow, 
even at the presence of an oxidizing agent like sulfuric acid, a catalyst is necessary to induce the 
etching process.
79
 Therefore, a 60-80 nm thick silver (Ag) layer was deposited by thermal evaporation 
on top of the RIE treated polystyrene spheres and the non-covered Si surface. Subsequently, the 
spheres were removed by sonification in toluene or dichloromethane (DCM) which resulted in an 
orderly Ag-patterned Si surface. Subsequently, this surface was etched by dipping the wafer into a 
solution consisting of 5.65 M HF and 0.1 M hydrogen peroxide (H2O2). The time period for the 





minutes were used. To stop the etching process, the sample was dipped into deionized water and was 
dried under a nitrogen stream. Finally, the metal was removed by dipping the sample for 3 minutes 
into a nitric acid solution (HNO3, 20%).
117
 Again, the sample was rinsed by deionized water and dried. 
Figure 2.2 depicts two different structures obtained by choosing different initial sphere diameters, 
different time periods for the etching step, but the same time period for the RIE process. 
 
 
Figure 2.2: Two structures obtained by MACE in combination with shadow nanospheres lithography. a) Initial 
sphere diameter: 1000 nm; MACE: 1 min. b) Initial sphere diameter: 600 nm; MACE: 5 min. The time period for 





















2.2 Electrochemical processing of structured Si surfaces 
2.2.1 Electropolishing  
The theory of the electropolishing procedure has been already introduced in chapter 1.5.3. Thin layers 
of Si can be removed by repetitions of oxide growth and dissolution, which further leads to a 
smoothing of the Si surface. Thereby, it is the applied potential which determines whether Si oxide 
growth or dissolution is initiated. The setup used for the electropolishing experiments is depicted in 
figure 2.3.  
 
 
Figure 2.3: Sketch of the setup for the electropolishing experiments. 
 
Before the electrochemical experiments were conducted, the Si sample was dipped into a 5% HF 
solution to obtain a hydrogen terminated Si surface. As illustrated, the Si sample was placed on top of 
the conductive sample holder that is connected with a potentiostat. A metal electrode (Au or Pt) served 
as the counter electrode in this two-electrode configuration. A PTFE-cell was mounted on top of the 
sample and filled with an acidic fluoride containing etching solution (0.1 M NH4F, pH 4). The 
application of potentials higher than +2 V leads to surface oxidation, which was conducted for a 
constant time range of about 40 s. To ensure a sufficient concentration of minority charge carriers 
during the oxidation (holes for n-Si), the sample was additionally illuminated by a white light halogen 
lamp (20 W). After 40 s, the light was switched off and a constant potential of -0.5 V was applied to 
induce the dissolution of the surface oxide. The proceeding of hydrogen termination during the etch-





presented below. The repetition of oxidation and etch-back phases was conducted for several times, 
until no further increase of the measured PL intensity was obtained. The hydrogen terminated sample 
was removed from the setup, dried and transferred into a nitrogen-purged glovebox for further 
processing.  
 
2.2.2 Wire diameter reduction by potential sweeps 
To obtain a reduction of the wire diameter by potential sweeps, the same setup as described in chapter 
2.2.1 was used. The sample was dipped in 5% HF and was subsequently mounted onto the sample 
holder. The initial PL intensity was recorded as a reference, before the experiment was started. 
Potential sweeps were cycled from -1 V to +9 V and back, using a scan rate of 100 mV/s. During the 
potential sweeps the sample was illuminated by a 20 W halogen lamp. Different amounts of potential 
sweeps ranging from 10 to 30 were conducted. After the last sweep, the light was turned off and a 
constant potential of -0.5 V was applied to initiate hydrogen termination, which was again monitored 
by in situ PL measurements. The in situ PL measurements subsequent to the conducted potential 
sweeps further helped to investigate changes of the electronic surface properties induced by this 
procedure.  
 
2.2.3 Wire diameter reduction by potential steps 
The diameter of the Si nanowires can as well be reduced by the repetition of oxidation- and etch-back 
steps, as it was introduced in chapter 2.2.1. There, the repetitions were used to achieve a reduction of 
the surface defect density and a smoothing of the surface. As in case of the electropolishing 
experiment, the etch-back of the oxide was conducted at a potential of -0.5 V in the dark to monitor 
the evolution of the surface hydrogenation by PL measurements. For the oxidation, the sample was 
illuminated by white light and a potential more anodic than +2 V was applied for 40 s. The amount of 
repetitions (potential steps) was varied. 
 
2.3 Chemical surface modification 
In the present thesis, chemical as well as electrochemical pathways were used to modify the Si surface. 
The electrochemical methyl passivation, which will be explained at first, was established to prevent 
surface oxidation. Furthermore, a chemical pathway will be presented, that enables to synthesize free 
standing and stable hydroxyl groups directly bounded to the Si surface. The obtained hydroxyl groups 
were modified by silane molecules to introduce different organic functionalities at the semiconductor 
surface. As described below, the tethered silane molecules can be further modified with e.g. maleimide 
derivatives. Such surfaces can be used for biosensor applications, since they allow for the selective 






2.3.1 Methyl passivation 
Hydrogen termination of the Si surface displays an excellent passivation, since almost no defect states 
are abundant that would generate recombination active centers in the band gap.
25–27
 As already 
outlined in chapter 1.7, a hydrogenated Si surface is not stable under ambient conditions and will 
oxidize quickly.
27
 According to Fidélis et al., a complete coverage of the Si surface can be achieved by 
methylation.
5
 The air stability of methyl passivated flat Si surfaces was determined by Yang et al.
6
  
The Si sample was immersed into a Grignard solution of methyl magnesium bromide (3.0 M in 
diethyl ether) and a constant current of about 0.5 mA was applied for about 400 s.
6
 Afterwards, the 
sample was taken out of the solution and was rinsed with diethyl ether. The sample was taken out of 
the glove box and rinsed with ethanol and water to remove non-reacted Grignard species. Finally, the 




Figure 2.4: Electrochemical preparation of a methyl passivated Si surface. a: CH3MgBr (3.0 M in diethyl ether); 
0.5 mA, 400 s. 
 
2.3.2 Synthesis of stable and free-standing hydroxyl groups 





, resistivity of 0.5 Ωcm, one side polished). The sample was dipped into a 5% 
HF solution before the experiment to obtain a hydrogen terminated surface. The dried sample was 
directly transferred into a nitrogen-purged glove box. The sample was immersed in 
bromotrichloromethane at 85 °C for 5 hours. Afterwards, the sample was rinsed with THF and 
immersed into a benzylmagnesium solution (1.4 M in THF) for 8 hours at 65 °C.
41
 The sample was 
rinsed thoroughly with THF and taken out of the glove box. To remove residual Grignard compounds 
and magnesium salts, the sample was once more rinsed with ethanol and water. Due to this cleaning 







Figure 2.5: Preparation of a benzyl terminated Si surface. a: BrCl3C; 85 °C; 5 hours. b: C6H5CH2MgCl (1.4M) 




The obtained free-standing hydroxyl groups were further modified by different silane molecules. This 
will be explained in the next chapter. 
 
2.3.3 Modification of free-standing hydroxyl groups by (3-Aminopropyl)triethoxysilane 
(APTES)  
The hydroxyl groups residing between the benzyl moieties can be further functionalized by silane 
molecules. The reaction mechanism was already presented in chapter 1.2.2. (3-
Aminopropyl)triethoxysilane (APTES) is often used to prepare monolayers of aminosilanes on glass 
substrates.
47
 Such modified surfaces can be used to immobilize proteins and are therefore especially 
interesting for biosensor applications.
45,53
 A sample obtained by following the pathway presented in 
2.3.2 was transferred into a nitrogen purged glove box and was immersed into a 0.17 M APTES 
solution in dry toluene at room temperature. After 3 days the sample was taken out of the solution, 
thoroughly rinsed with toluene and transferred out of the glove box.
118
 The amino group of the APTES 









Figure 2.6: Modification of the hydroxyl groups on Si(111) surfaces by APTES and subsequently by N-
maleoyl-β-alanin. a: 0.17 M APTES in toluene; room temperature, 3 days.  
 
2.3.4 Modification of free-standing hydroxyl groups by Acetoxymethyltrimethoxysilane (AMMS) 
The free-standing hydroxyl groups can also be functionalized using other silane derivatives. 
Acetoxymethyltrimethoxysilane (AMMS) was used to obtain an ester functionalized Si surface. The 
ester function could be hydrolyzed or aminolyzed later to obtain hydroxyl groups, which are more 
accessible regarding e.g. the immobilization of larger molecules at the Si surface. The 
functionalization was conducted in a nitrogen-purged glove box. The Si sample was immersed into a 
solution of 2.57 M AMMS in isopropanol for 2 days at 85 °C. Afterwards, the sample was rinsed 
thoroughly with isopropanol and was taken out of the glove box.
118
 The reaction scheme is depicted in 
figure 2.7. 
 
Figure 2.7: Modification of the hydroxyl groups with AMMS. a: 2.57 M AMMS in isopropanol; 85°C; 2d. 
 
2.3.5 Modification of APTES with N-maleoyl-β-alanin   
The amino groups of the APTES molecule can be replaced by a maleimide-functionality to obtain a 
higher selectivity for thiol containing proteins.
119
 To facilitate the conjugation between carboxyl and 
amine groups, cross linkers, such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), are 
employed. EDC activates the carboxyl groups towards amine coupling by the formation of o-
acylisourea derivatives. However, such o-acylisourea derivatives are unstable in aqueous media and 
undergo fast hydrolysis.
120
 To increase the stability, EDC is used in the combination with N-
hydroxysuccinimide (NHS), since NHS readily reacts with the o-acylisourea derivative to form an 
aminoacyl ester. In comparison with the o-acylisourea derivative, this activated ester hydrolyzes only 
slowly and furthermore enhances the coupling efficiency of carbodiimides for the conjugation of 
carboxylated compounds with primary amines.
121
 The reaction scheme of the cross-linking procedure 







Figure 2.8: Scheme of the conjugation between an amine and a carboxyl function through the EDC/NHS 




To couple the amino function of the APTES moiety with N-maleoyl-β-alanine, an aqueous solution of 
0.4 N-(3-Dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride (EDC) and 0.1 mM N-maleoyl-
β-alanine was prepared and left 1 hour at room temperature for activation. The APTES-terminated Si 
sample was immersed into this solution at room temperature for 24 hours to react with the activated 
maleimide. The sample was taken out of the solution, rinsed thoroughly with deionized water and was 
dried under a nitrogen stream.
122,123




Figure 2.9: Modification of APTES towards a maleimide terminated cross-linker for protein immobilization. 






2.4 Preparation of Si-nanowire/PEDOT:PSS hybrid solar cells 
The nanowire structured Si surfaces were fabricated as described above. To remove the native oxide 
before the methyl passivation, the samples were immersed into an 1% HF solution, dried under a 
nitrogen stream and were immediately transferred into a nitrogen-purged glove box. Some of the 
samples were electropolished before methylation, following the procedure described above. For all 
electropolishing experiments, the potential of the oxidation steps was set at +4 V (40 s), whereas the 
potential of the oxide etch-back step was set at -0.5 V. The duration of the etch-back depended on the 
appearance and saturation of the PL intensity, which was always monitored during the electropolishing 
experiments. After four repetitions, the sample was taken out of the setup, dried and transferred into 
the glove box for the subsequent methyl passivation. The electropolishing procedure ends with the 
etch-back of the oxide layer and results in a hydrogen terminated surface. Thus, an additional 
immersion in a HF-solution was not necessary. For both, the electropolished and non-polished 
surfaces, the methyl passivation was conducted as described in 2.3.1. After methylation and the 
subsequent cleaning procedure, a 1.5 µm thick aluminium layer was thermally evaporated at the 
backside as the rear contact. The PEDOT:PSS (PH1000; Clevios) suspension was mixed with 5 wt % 
dimethyl sulfoxide (DMSO) and 1 wt % Triton X. The resulting solution was deposited on the 
nanowire structured sample by spin-coating at 2000 rpm for 60 s. Subsequently, the polymer film was 
annealed at 120 °C for 15 minutes. Finally, a 200 nm thick silver finger grid was thermally evaporated 
on the sample as the front contact. The final architecture of the cell can be seen in figure 2.10. 
 
Figure 2.10: Architecture of the fabricated SiNW hybrid solar cells. 
 
The I-V curves of the hybrid cells were collected under AM 1.5 conditions. From the resulting I-V 
curves, the solar cell parameters such as the open circuit potential (VOC), the short circuit current (JSC), 
the fill factor (FF) and the efficiency (η) were determined.  
 
   
   
 
     
 
Ag front contact (grid) 
Al back contact 
BSF: a-Si(i) 5 nm 







2.5 Optical characterization methods 
2.5.1 Photoluminescence spectroscopy (PL) 
Photoluminescence (PL) spectroscopy, which is the detection of the radiative direct band-band 
recombination, displays an important tool for the investigation of non-radiative defects in the bulk and 
at the surface.
124,125
 However, the radiative direct band-band recombination of indirect semiconductors 
suffers from a low efficiency due to the involvement of a phonon in the transition process. Hence, 
non-radiative recombination reactions are dominant and proceed much faster.
26
 Despite these 
circumstances, the efficiency of the radiative recombination can be increased upon optical excitation. 
Laser pulses in the sub-nanosecond range can be used to generate a high excess charge carrier 
concentration for a short period of time without heating the sample and without disturbing 
electrochemical processes if the surface is probed during an experiment.
26,124,126
 The integrated 
intensity of the PL signal, IPL, is therefore very sensitive towards the amount of non-radiative defects 
at the surface or interface. Therefore, a high value of IPL results from a low amount of non-radiative 
surface recombination and thus from a low amount of surface defect states. Changes in the surface 
defect density, DSS, result in a changes of the measured in situ PL intensity.
124,126
 PL measurements 
can be used to obtain information about the electrical properties of the semiconductor surface, in situ 
and ex situ, as it will be explained in the following. Compared to other methods to analyze DSS, like 
pulsed surface photovoltage techniques (SPV) or capacitance-voltage measurements (CV), contacting 




2.5.1.1 Ex-situ PL measurements 
To obtain information about the electrical properties of the Si surface, PL spectra were collected 
before and after electropolishing procedures, as well as after different passivation treatments of flat 
and nanowire structured Si surfaces. Since IPL is directly connected with the amount of surface defects, 
the impact of the different procedures on DSS can be determined. The PL of Si was excited with a 
pulsed nitrogen-pumped dye laser with a wavelength of 362 nm. The emitted light was spectrally 
resolved with a monochromator and finally detected with an InGaAs photodiode.
26,126
 In figure 2.11 a 

























Figure 2.11: PL spectrum of a c-Si sample. The peak maximum corresponds to the band gap of Si (EG ≈ 1.1 eV 
or 1130 nm).  
 
2.5.1.2 In situ PL measurements 
Time-integrated PL measurements can as well be used to directly obtain information about the 
changes of the surface defect density during the electrochemical processing. For this purpose, the 
electrochemical processing setup was combined with a PL system as illustrated in figure 2.3. The PL 
of the Si samples was excited by a pulsed nitrogen-pumped dye laser, =362 nm or =743 nm with 
=0.5 ns, with energy densities of 19.4 µJ or 8 µJ per pulse, respectively. The emitted PL of the sample 
passes an interference filter which only transmits light with a wavelength of about 1130 nm. The 
transmitted light is then detected by an integrating InGaAs photodiode.  
 
2.5.2 Infrared ellipsometry (IRSE) 
Infrared (IR) spectroscopic methods are widely employed to investigate and identify the composition 
and the structure of chemical compounds. Of all spectroscopic methods, IR spectroscopy covers the 
wavelength range from around 1 µm up to 1 mm.
127
 Molecular vibrations, as well as rotations, are 
excited by light of this wavelength area and the position of the absorption bands in the resulting 
spectra gives information about the chemical bonds and groups present in the analyzed compound.
128
 
One of the numerous IR spectroscopic methods available is the infrared spectroscopic ellipsometry 
(IRSE), which is widely employed to investigate and analyze semiconductor surfaces and organic thin 
films.
129
 Because of the high sensitivity of this method, it is used in this thesis for the analysis of the 
chemically modified Si substrates. In the following, the basic theory is briefly introduced.  
The sample is irradiated by linearly polarized light that is reflected at the surface. Due to the 





components of the radiation, one parallel (p-polarized, rp) and one perpendicular (s-polarized, rs) to the 
plane of incidence. This results in an elliptic polarization of the reflected light.
130
 A schematic 
illustration of the principles of the IRSE measurement can be seen in figure 2.12. Epi displays the 
circularly polarized wave parallel to the plane of incidence, whereas Esi describes the incident wave 
perpendicular to the plane of incidence. Epr and Esr are referred to the respective wave components of 
the reflected wave. 
 
 
Figure 2.12: Schematic illustration of the principle of the IRSE measurement. Reprinted with friendly 
permission by SAGE publications (Analysis of organic films and interfacial layers by infrared spectroscopic 




In comparison to other IR spectroscopic methods, IRSE measures changes of the amplitude as well as 
the phase change of the reflected p- and s-polarized light and is therefore an excellent and sensitive 
method to investigate IR-light absorption of chemical species on different surfaces. It can also applied 
to obtain other properties, such as the thickness or the complex refractive index of the adsorbed 
layer.
132,133
 These properties can be derived from the ellipsometric parameters, the amplitude ratio 
(tan Ψ) and the phase shift difference (Δ) of the two orthogonally polarized components of the 











Δ= δr- δs , (2.2) 







Furthermore, the ellipsometric parameters are defined via the ratio of the complex reflection 







= tanΨeiΔ  .  
 
(2.3) 
   
In the present thesis, IR-ellipsometry spectra have been collected to confirm the surface modification 
by different compounds. The measurements were performed with a photometric ellipsometer attached 
to a Bruker 55 Fourier transform spectrometer as described in detail elsewhere.
118,131
 The spectra 
shown here were obtained by using and angle of incidence of 65° with a resolution of 4 cm
-1
 using a 
mercury cadmium telluride detector (KV104-1, Kolmar Technologies, Newburyport, MA, USA). 
Before the measurements were conducted, all samples were purged in dry air for about 30 minutes to 



















3. Electropolishing and passivation of Si nanowire structured surfaces 
Si nanowire (Si-NW) patterned surfaces with different wire diameters and wire lengths were 
fabricated using the metal assisted chemical etching (MACE) technique in combination with 
nanosphere lithography. Details on the procedure and the etch mechanism can be found in the 
fundamentals part. The use of diverse diameters of polystyrene spheres, and the application of 
different time periods for the reactive ion etching (RIE) and etching step of the MACE procedure led 
to the generation of different, but well-ordered Si-NW arrays as presented in figure 3.1. 
 




Although well-ordered structures are obtained by the used procedure, the side walls, and especially the 
wire tips, appear to have an enhanced surface roughness as shown in figure 3.2. 
 
 
Figure 3.2: Increased surface roughness after the MACE process. 
 
According to the literature, high concentrations of H2O2 and long-term etching as well as the use of 
highly doped wafers lead to a higher porosity of the nanowires.
137
 In order to avoid pore formation of 
the nanostructures during the etching procedure, which would lead to a high amount of surface defects 
(high DSS), a rather low concentration of H2O2 (0.1 M) was used. Photoluminescence (PL) spectra 




were recorded to analyze the presence of porous layers on Si-NW surfaces after the MACE process. 
The collected PL spectra of as-prepared hydrogen-terminated Si-NW surface (red solid line) and of 
porous Si layers on Si with a thickness of 50 nm (black-dotted line) and 150 nm (blue-dotted line), 





















Figure 3.3: PL spectra of a hydrogen terminated Si-NW sample after the MACE process (red solid line) and of 
about 50 nm (black-dotted line) and 150 nm (blue-dotted line) thick porous Si layers on the same Si substrate in 




The porous Si layers show a pronounced PL peak around 650 nm that increases with layer thickness, 
which is typical for nanoporous Si.
137
 In contrast, for the fabricated Si-NW sample only a weak PL 
signal around 750 nm was observed. Hence it can be concluded that under the selected conditions for 
the MACE procedure only a negligible amount of porous Si is generated. The increase in PL at longer 
wavelength is due to the band-band recombination in Si with a band-gap of about 1.1 eV (1130 nm). 
However, although a low concentration of H2O2 prevents the Si-NW surface against strong pore 
formation, the generation of surface roughness could not be avoided as can be seen in figure 3.2. The 
generation of surface roughness, etch pits, as well as dangling bonds owing to the structuring 
procedure results in a high value of DSS, which adversely affects the performance of any future 
device.
4,138,139
 In case of flat Si surfaces, repetitive oxide growth and oxide etch-back steps, also 
denoted to as electropolishing, resulted in a reduction of surface roughness, the saturation of dangling 
bonds and thus to a reduced DSS.
106,107
 In this chapter, the impact of electropolishing procedures on the 
DSS of Si-NW surfaces is discussed. To monitor the changes in DSS during the experiment, in situ PL 
measurements were conducted. Furthermore, the effect of subsequent methylation towards the 
preservation of a reduced DSS after electropolishing, determined by ex situ PL measurements, was 
investigated. Hybrid solar cell devices were fabricated by using electropolished and non-
electropolished   Si-NW structured surfaces to estimate the impact of electropolishing procedures on 
the device performance.  




3.1 Absorption characteristics of nanowire structured Si surfaces 
Besides the increased surface-to-volume ratio, nanowire structured Si surfaces exhibit further optical 
advantages. In figure 3.4, the reflectivity of a Si-NW (blue line) and a flat Si (black line) surface are 
compared. 



























Figure 3.4: Reflectivity of a flat (black line) and a nanowire structured (blue line) Si sample. The dashed line 




In the spectral range between 450 nm and 1000 nm, the flat Si surface exhibits a reflectivity of about 
30 - 40%. The high reflectance is due to the large difference of the refractive indices of air and the Si 
surface. In contrast, the nanowire structured Si surface shows a reflectance of about 10 - 12% only. 
This can be explained by the fact that the surface structuring leads to light scattering within the Si-NW 
array and thus to an increase in the optical path length of the incoming light.
140–142
 Structured surfaces 
exhibit less reflection losses in comparison with unstructured surfaces, which is of particular 




3.2 In situ PL monitored electropolishing of nanowire structured Si surfaces 
Smooth Si surfaces can be obtained by electrochemical treatments in acidic fluoride containing 
solutions as investigated by Turner et al..
104
 Oxide growth and etch-back are initiated at different 
potentials, which can be determined by current-voltage (I-V) characteristics. In figure 3.5 the obtained 
I-V characteristics for a flat and a Si-NW surface are depicted. In case of n-doped Si material, 
illumination with light is required to enhance the hole concentration what consequently drives the 
oxidation reaction as outlined in eq. 1.28. 


































Figure 3.5: I-V characteristics of n-doped Si-NW and flat Si surfaces  in an acidic 0.1 M NH4F solution (pH 4) 




The first current maximum, IPS,  and the related potential, UPS, can be considered as the most important 
features of the I-V curve. At this point (IPS/UPS), a transition from the divalent to the tetravalent 
dissolution mechanism takes place. The tetravalent dissolution mechanism (U>UPS/I>IPS) leads to a 
smooth and oxide passivated Si surface (electropolishing).
87
 In contrast, the divalent dissolution 
mechanism (U<UPS/I<IPS) results in porosification and hydrogen termination of the surface.
100
 
Therefore, by controlling the applied potential, different surface types of surface passivation and 
conditions can be achieved. As indicated by the dashed lines, the area of transition from the divalent to 
the tetravalent dissolution mechanism was found to be comparable for flat and nanowire structured 
surfaces. In case of the Si-NW surface, after the first current plateau the current increases 
monotonically and levels off at potentials higher than +2.5 V. The current is then much higher than for 
the flat surface, what can be attributed to the larger surface area. Based on the obtained I-V-
characteristics, potentials ranging from +2 to +10 V were applied to induce electropolishing. For the 
subsequent remove of the surface oxide (etch-back step), the potential was set at -0.5 V. The time 
period for the electropolishing step at a positive potential was about 40 s, whereas the time-period of 
the etch-back step was varied, depending on the appearance of the PL signal and the stabilization of its 
intensity, IPL.  
Figure 3.6 a) depicts the obtained PL intensities for a Si-NW surface during the electropolishing 
procedure treated by six repetitions of oxide growth steps at +6 V and subsequent etch-back steps at -
0.5 V. Light was turned on during electropolishing and turned off during the PL measurements (see 
fig. 3.6 b)). 





























Figure 3.6: a) The obtained in situ PL intensities for a Si-NW sample treated by six repetitions of oxide growth 
steps at +6 V and etch-back steps at -0.5 V in a 0.1 M NH4F solution (pH 4). b) The potential variations with 




The additional illumination results in a Si surface fully overloaded by charge carriers. Under these 
conditions, the short laser pulses of the PL setup are not able to influence the charge carrier 
concentration and consequently no PL could be measured during the oxidation step. Furthermore, the 
light emitted from the halogen lamp is partly reflected at the surface of the etching solution as well as 
at the sample surface Si surface and thus also couples into the monochromator.  The subsequent etch-
back step, conducted in the dark, leads to hydrogen termination of the Si surface, displaying a better 
passivation than the oxide termination. As a consequence, IPL increases during each etch-back step 
until a maximum level is reached. As can be seen from figure 3.6 a), the extent of the increase in IPL 
was the most pronounced for the first three repetitions and became less intense for the following. 
Since an increase in IPL corresponds to a reduction of non-radiative recombination centers at the 
surface (reduction of DSS), it can be concluded that only few repetitions are necessary to effectively 
reduce the amount of surface defects. After the sixth repetition, an IPL more than double the initial 
value was obtained. Together with IPL, current-time characteristics were monitored during the 
electropolishing experiment, as depicted in figure 3.7 b). 






































Figure 3.7: a) PL intensities IPL observed during six repetitions of oxide growth steps at +6 V with illumination 
and etch back steps at -0.5 V in the dark. b) Photo current (pink line) and dark current (red line, magnified by 




The strong decay of the anodic photo current, pink line in figure 3.7, just after switching the light on is 
due to the formation of an insulating oxide layer on the surface.
143
 At the steady-state current 
condition, oxide generation and dissolution are in a dynamic equilibrium according to the tetravalent 
dissolution mechanism (see equations 1.28 and 1.29). The time period of the oxidation step was kept 
constant at 40 s for all experiments and the observed photocurrent always reached the same value at 
the end of each oxidation step (83 µA). During the etch-back step, the occurrence of a dark current 
transient was observed (see red lines in figure 3.7b)).
109–111
 According to the literature, the origin of 
anodic current transients in the dark is still under discussion. However, it is assumed that these 






) residing at the Si/SiO2 interface. When the 
dissolution reaches the Si/SiO2 interface, these sub-oxide species undergo further oxidization and 
thereby inject electrons into the conduction band of Si. As a result, a charge injection of QD takes 
place. Consequently, the amount of the flown charge QD is dependent on the amount of sub-oxide 
species at the interface. A high amount of sub-oxide species at the Si/SiO2 interface results from a high 
surface roughness.
26,111,144
 Therefore, rough surfaces lead to a high value of QD. The progress of a dark 
current transient further reflects the degree of the hydrogenation of the Si surface during the oxide 






 The dark current increases as soon as the dissolution front reaches the Si/SiO2 
interface, since the oxidation of the sub-oxide species leads to the injection of charge carriers. After 
reaching its maximum value, the current decreases again and reaches a low stationary value at which 
the hydrogenation of the Si surface sets in.
111
 When the current levels out, the hydrogenation of the Si 
surface is completed.
145
 In case of the Si-NW sample analyzed in figure 3.7, the peak height of the 
dark-current transient increased after the first repetition of oxide growth/etch-back and decreased 
slowly for the following repetitions, as indicated by the red dashed line. The peak width of the current 
transient decreased constantly after the first repetition. The observed noise and spikes are due to the 
light pulses used for the excitation of the PL. The total charge, QD, of the anodic current, determined 
by the integral of the current over the peak QD= ∫ I(t) dt, is marked in figure 3.7 b) by the grey area. 
Further electropolishing experiments have been conducted by using different potentials for the 
oxidation step. The progress of the dark current transients was monitored for each experiment and is 
illustrated in figure 3.8. The charge QD of every etch-back step during the electropolishing procedure 
was normalized to the charge flow of the first etch-back step QD(1).  

























Figure 3.8: The charge flow in the dark, QD, normalized to the charge flow at the first etch-back step, QD(1), for 





The ratio QD/QD(1) decreases with every repetition of oxide growth/etch-back, irrespective of the 
applied potential for the oxidation. This observation supports the assumption that the electropolishing 
procedure leads to a smoothing of the nanowire structured Si surface.
136
 The increase of IPL during the 
electropolishing experiments indicates a decrease of surface defects (DSS) at the same time. 
Additionally, it was observed that IPL increases as well independent of the applied potential for the 
oxidation step. Figure 3.9 illustrates the relative change of IPL obtained during the electropolishing 




procedure by using different potentials for the oxidation step. The values of IPL were normalized to the 
starting value IPL(0), which was recorded just after Si-NW formation and before the experiment was 
started,. 
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Figure 3.9: IPL obtained during the electropolishing procedure by using different potentials for the oxidation 





As can be seen in figure 3.7, the maximum of IPL appears exactly when the current transient levels out. 
This observation is of special importance, since the PL intensity drops again if the sample is kept at an 
potential more cathodic to UPS (-0.5 V) for too long time periods due to porosification.
147
 This can be 
seen in figure 3.10. 





























Figure 3.10: IPL of a nanowire structured Si surface during the etch-back at -0.5 V of an oxide layer formed at a 
potential of +2 V.  
 
Hence, the dark current transient displays an additional parameter to monitor the hydrogenation of the 
Si surface during oxide dissolution and to prove the reduction of the surface roughness.
144,146
 In figure 
3.11 the SEM images of a sample before (a)) and after electropolishing (b)) are depicted. A smoothing 
of the wire structures as well as of the substrate surface is clearly visible. 
 
 
Figure 3.11: Surface morphology of a Si-NW sample: a) before electropolishing, b) after electropolishing by six 




However, electropolishing procedures do not only lead to a smoothed surface morphology, but do also 
result in a slight reduction of the wire diameter, if high numbers of repetitions are conducted. As 
described above, the increase in IPL is the strongest for the first three to four repetitions and following 
a)  b)  




repetitions improve DSS only marginally. Consequently, a low number of repetitions is sufficient to 
obtain a reduction of DSS. For lower numbers of repetitions, the reduction of the wire diameter will be 
negligible. As it can be seen in figure 3.12, for very high numbers of repetitions (> 15), the wire 
structures are almost entirely eliminated. Intended severe etching abrasions will be discussed in 
chapter 4. 
 
Figure 3.12: SEM image of a nanowire sample treated by more than ten repetitions of oxide growth/etch-back. 
The Si-NWs are almost completely dissolved. 
 
3.3 Passivation of the structured surface after electropolishing by methyl groups 
Electropolishing procedures result in smoothed hydrogen-terminated Si-NW surfaces with a lower 
DSS. Although H-passivated Si surfaces are known for their low surface state density, they oxidize 
within minutes under ambient conditions. The oxidation results in an increase of DSS, due to the 
generation of recombination active states at the surface.
29,30
 Therefore, other passivation strategies 
besides oxide- or hydrogen-termination were considered to maintain the low DSS as obtained after 
electropolishing procedures. According to the literature, a complete surface coverage can be achieved 
by electrochemical methylation of the Si surface.
5
 Figure 3.13 illustrates the results of the long-term 
PL investigations of a hydrogen-terminated (red data points) and a methyl-passivated Si-NW surface 
(blue data points). 






















Figure 3.13: Long-term measurement of a methyl- (blue points) and a hydrogen-terminated (red points) Si-NW 
surface. The measurements started directly after preparation. 
 
In case of the hydrogen-terminated Si-NW surface, a decrease of IPL is observed just after the start of 
the measurement. It can be assumed that the initial value of IPL was higher, since the transfer from the 
fume hood to the PL setup took a few minutes in which the surface oxidation already set in. After the 
first intense decrease of IPL, the further reduction proceeded more slowly and was still not finished 
when the measurements were stopped after about 60 h. For the methyl-passivated Si-NW surface a 
different behavior of IPL was observed. Here, IPL increased exponentially directly after the 
measurement was started and reached a constant level within the first 25 h. The strong increase at the 
beginning is most likely due to the evaporation of residual solvent molecules, which remain adsorbed 
at the Si-NW surface after the cleaning procedure. The stabilization of IPL on a high level in case of the 
Si-NW surface completely terminated by methyl groups demonstrates the strong stability of the 
methyl-passivation against oxidation in air. According to these findings, the electrochemical surface 
passivation by methyl groups was employed for Si-NW surfaces to preserve the reduced DSS after the 
electropolishing procedure. In the following, the results of the investigations towards the impact of the 
electropolishing experiments on the surface properties, combined with different types of surface 
passivation, hydrogen and methyl, are presented. It should be noted that these experiments were 
conducted on Si-NW samples produced from the same wafer with the same wire morphology. In 
figure 3.14, the PL spectra of electropolished and non-electropolished hydrogen- and methyl-
terminated Si-NW surfaces are depicted.  
 



































Figure 3.14: PL spectra of hydrogen- (blue solid line) and methyl- (orange dashed line) passivated Si-NW 




Independent of the surface passivation, the electropolished Si-NW surfaces show a higher PL intensity 
than the non-electropolished counterparts. In addition, the surfaces passivated by methyl groups show 
a higher IPL than the hydrogen-terminated surfaces. Thus, the highest IPL was obtained for the 
electropolished and methyl-terminated Si-NW surface. The maximum IPL values are listed in table 3.1. 
 






Si-H 0.33 0.54 
Si-CH3 0.37 0.80 
 
The comparison of the methyl-passivated, non-electropolished and electropolished surfaces reveal an 
IPL obtained for the electropolished surface, which is about twice the value of the non-electropolished 
sample. As a result, it can be concluded that electropolishing experiments in combination with 
subsequent methyl-passivation display a viable method to reduce the DSS after etching procedures and 
to preserve the reduced DSS by the prevention of surface oxidation.
136
 The impact of these two 
procedures on the properties of hybrid solar cells was investigated and the obtained results are 
presented in the next chapter.  
 




3.4 Electropolishing and passivation of nanowire structured Si surfaces towards hybrid solar 
cells 
Over the last years, hybrid Si/organic solar cells have been subject to many investigations and 
different types of hybrid systems have been elaborated.
148–151
 In contrast to conventional fully 
inorganic Si solar cells, the heterojunctions of hybrid solar cells are formed by simple solution 
processes that do not require high temperatures and/or complex processing.
3,152
 For the present work, 
nanowire structured Si substrates were combined with the hole selective polymer system poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonic acid, (PEDOT:PSS). The chemical structure of 
PEDOT:PSS is sketched in figure 3.15. This polymer can be easily spin-coated or drop-casted under 
ambient conditions, forming a stable and hole conductive organic film. Conductivities up to 1000 Scm
-
1
 have be reported.
153,154
 Since the absorption coefficient of PEDOT:PSS is rather low in the visible 
wavelength range, it displays a highly transparent contact with a transmission of more than 90% of the 
visible light.
155,156




Figure 3.15: The PEDOT:PSS polymer system. 
 
As can be seen from figure 3.4, the structuring of the Si surface effectively lowers the surface 
reflectance. In comparison to flat Si surfaces, light trapping-effects result in more efficient light 
absorption.
1,2,7,157
 The schematic architecture of the hybrid solar cells fabricated for the present thesis 
is illustrated in figure 3.16.  
 





Figure 3.16: Schematic design of the Si-NW/polymer hybrid solar cell investigated.  
 
The Si-NW surface has been electrochemically passivated by methyl groups prior to the spin-coating 
procedure to prevent the formation of SiOx on the surface. Uncontrolled grown oxide layers on the 
surface would impede the charge transport and degrade the device performance. To generate the pn-
junction, PEDOT:PSS was spin-coated onto the structured n-type Si surface. A silver grid electrode 
was deposited onto the PEDOT:PSS layer to improve the hole collection efficiency. Al was directly 
deposited onto the highly doped back surface field (BSF) of the Si sample as the electron collecting 
rear contact. The implemented BSF reduces the recombination rate at the Si-metal interface and 
deflects minority charge carriers. This results in an improved open circuit potential VOC.
7
 Since the 
BSF further leads to a reduction of the energy barrier height of the built-in potential at the Si-metal 
interface, more electrons can be effectively collected.
158
 Figure 3.17 depicts a photograph from the top 




Figure 3.17: Photograph of a Si-NW/PEDOT:PSS hybrid solar cell device.  
 
   
   
 
     
 
Ag front contact (grid) 
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However, the schematic illustration of the cell design in figure 3.15 displays a rather simplified picture 
of the Si-NW/PEDOT:PSS hybrid cell architecture where the Si-NWs are completely covered by the 
conjugated polymer. It was determined by SEM imaging that PEDOT:PSS rather formed a compact 
layer with a thickness of about 140-160 nm on top of the wire structured surface than to infiltrate into 
the wire structure (see figure 3.18). 
 
 
Figure 3.18: SEM images of Si-NW structured surfaces spin-coated with PEDOT:PSS.  
 
Although the good light absorption properties and the low reflectance of the nanowire structured 
surface can still be exploited, the incomplete infiltration of the conjugated polymer adversely affects 
the capability of charge carrier collection. A full coverage would lead to an increased Si-
NW/PEDOT:PSS junction area and thus to a shortening of the transport paths of the photo-generated 
carriers. As a consequence, the impact of carrier recombination would be effectively reduced and more 
charge carriers could be harvested.
159
 Various methods were tried to achieve a better infiltration of 
PEDOT:PSS into the wire structure, like drop-casting, spray coating or other spin-coating parameters, 
but no noticeable improvements were observed.  
The saturation of dangling bonds by PEDOT:PSS, as noted in various papers, is irrelevant in our 
case since the structured surfaces are electrochemically passivated by methyl groups prior to the 
polymer deposition to reduce the amount of defect states as presented before. However, the MACE 
procedure provides numerous defects on the surface (high DSS) due to surface roughening and the 
resulting defect states cannot be removed by surface passivation alone. In the previous chapter, it was 
described that electropolishing procedures can reduce the amount of surface defects and thus a low DSS 
can be achieved. Furthermore, subsequent methyl-passivation was proved to be a valuable tool to 
preserve the reduced DSS and to prevent surface oxidation. In order to ensure comparability, the 
structural parameters of the wires, like the wire length and diameter, were kept constant to about 1 µm 
and 800 nm, respectively. To determine the impact of electropolishing procedures on the optical 
properties and the performance of hybrid solar cells, devices with flat Si surfaces, non-electropolished 
and electropolished Si-NW surfaces were fabricated. To maintain the wire morphology, the structured 




sample was electropolished by applying four times a potential of +4 V for 40 s during the oxidation 
step and subsequently a potential of about -0.5 V during the etch-back phase. A measured in situ PL 
spectrum is exemplarily illustrated in figure 3.19, where the PL is increased by a factor of 2 after the 
fourth repetition of oxide growth and etch-back. 




















Figure 3.19: In situ PL intensities for a Si-NW sample treated by four repetitions of oxide growth at +4 V and 
etch-back at -0.5 V in a 0.1 M NH4F solution (pH 4). 
 
For low numbers of repetitions of oxidation and etch-back steps the reduction of the wire length and 
diameter was found to be negligible.  
Figure 3.20 illustrates the reflectance spectra of the prepared solar cell devices. The blue line 
represents the planar Si reference, whereas the red curve denotes the cells with a Si-NW structured 
substrate. The black curve displays the Si-NW structured surface, which has been electropolished 
before the deposition of the polymer.  





























Figure 3.20: Reflection spectra of flat Si/PEDOT:PSS (black line) and Si-NW/PEDOT:PSS, electropolished 
(EP, blue line) and non-electropolished (red line), hybrid devices. 
 
The reduced reflectance obtained for the structured surfaces (see Fig. 3.4) is almost retained upon 
polymer deposition. However, the electropolished sample shows a slight increase in reflection in the 
Vis- and UV region, which might be due to the lower roughness of the surface after the 
electropolishing procedure. In case of the flat Si sample, the reflectance decreases in the Vis region, 
which could be due to the rough surface of the polymer layer. Nevertheless, the structured samples 
still exhibit a much better light absorption due to less reflection in comparison to the flat counterparts. 
Figure 3.21 shows current density-voltage (J-V) curves of the solar cell devices prepared from flat Si, 
non-electropolished, and electropolished Si-NW substrates, measured under air mass (AM) 1.5 
illumination. 
 





































Figure 3.21: Current-density-voltage (J-V) curves of Si-NW structured samples, electropolished (blue line) and 
non-electropolished (red line) as well as of a planar Si reference sample (black line).  
 
The photovoltaic parameters like the short-circuit current density (JSC at U=0), open-circuit voltage 
(VOC at I=0), fill factor (FF), and power conversion efficiency (PCE) extracted from the J-V curves are 
summarized in table 3.2. 
 
Table 3.2: Measured solar cell parameters 
sample 




] VOC [V] FF [%] PCE [%] 
flat Si/PEDOT:PSS 26.48 0.51 46.68 6.2 
Si-NW/PEDOT:PSS 25.89 0.52 49.58 6.7 
Si-NW(EP)/ PEDOT:PSS  29.22 0.50 53.15 7.8 
 
 
Because of effective light trapping mechanisms and less reflection losses at structured surfaces, JSC is 
supposed to be high in comparison to unstructured Si surfaces.
7,142,160
 As can be seen from table 3.2, 
the obtained value of JSC for the nanowire structured cell is slightly lower than obtained for the flat 
reference. This is attributed to the high charge carrier recombination loss associated with the increase 
of surface area in case of the structured surface.
161,162
 Moreover, the as-prepared Si-NWs show an 
increase of the amount of surface defects induced by surface roughness. It can therefore be concluded 
that the benefits resulting from the better light absorption of structured surfaces are compensated by 
the generation of surface defects owing to the structuring procedure.
163
 Although all Si surfaces used 




for device fabrication were passivated by methyl groups to saturate the dangling bonds, the enhanced 
surface roughness at the sites of the nanowires remains challenging. As determined above, 
electropolishing procedures effectively lead to a reduction of the surface defect density DSS and result 
in surfaces with a lower roughness (see figure 3.11). As a consequence, the electropolished Si-NW 
sample displayed a higher JSC in comparison to the non-electropolished samples and the flat reference. 
The increase in JSC from 25.89 mA/cm
2
 to 29.22 mA/cm
2
 can be attributed to an efficient removal of 
surface roughness and thus to a reduction in DSS by electropolishing procedures. The values of the VOC 
obtained for the structured and flat Si solar cells are in the same range of about 0.50 – 0.52 V and did 
not change upon the electropolishing procedure. A higher VOC in case of the electropolished sample 
would have been expected due to the increase in JSC.
160
 However, the obtained results indicate that the 
electrical quality of the Si-NW/PEDOT:PSS junction, non-electropolished and electropolished, was 
comparable to that of the planar Si/PEDOT:PSS junction.
164
. As seen in figure 3.18, the interface 
between the Si substrate and the polymer was not significantly enlarged due to the insufficient 
infiltration of the conjugated polymer into the wire array. A complete infiltration would have probably 
reduced VOC in comparison to the planar Si surface.
161
 The FF increased from 46.68% to 49.58% upon 
structuring. After electropolishing FF further increased to 53.15%, mainly caused by the enhancement 
of JSC. A PCE of about 6.25% was obtained for the flat Si/PEDOT:PSS reference. A marginal increase 
up to 6.68% could be achieved by structuring (Si-NW/PEDOT:PSS). As mentioned, JSC and FF were 
both improved due to electropolishing procedures and consequently a higher PCE of about 7.8% was 
determined in case of the electropolished sample. A full infiltration of the conjugated polymer into the 
wire structures would have led to a further increase in PCE due to the enlarged contact area and the 
resulting increase in carrier collection. However, the aim of the device fabrication in the present thesis 
was to determine the impact of electropolishing procedures on the device properties. The results show 
that the prepared Si-NW structures can be used for device fabrication in combination with a 
conductive polymer, such as PEDOT:PSS. Additional electropolishing procedures lead to a reduction 
of DSS and to an enhancement in JSC due to an improved light harvesting capability. In conclusion, the 
PCE was enhanced by about 17% compared to the non-electropolished Si-NW sample, what clearly 
demonstrates the usefulness of electropolishing procedures in combination with subsequent methyl 
passivation. At presence, the maximum PCE of Si-NW hybrid devices is about 13%.
142
 According to 
the literature, the PCE is still limited by suboptimal surface passivation and a high interface state 
density, although different strategies, like the implementation of intermediate layers 
142,165,166
, 
passivation by alkyl groups
10
,  as well as the engineering of the rear contacts
7,158
, have been 
investigated. However, most of the used Si-NW arrays for hybrid device fabrication exhibit different 
wire dimensions, since the MACE procedure is not combined with shadow nanosphere lithography as 
in the case in the present thesis. As a result, the wires are rather randomly distributed and exhibit 









Figure 3.22:  Surface and cross-sectional morphology of PEDOT:PSS coated Si nanowires used for hybrid solar 
cell device fabrication. The scale bar is 100 nm. Reprinted with permission from the American Chemical 
Society, P. Yu, C.-Y. Tsai, J.-K. Chang et al., ACS Nano, 2013, 7(12), 10780-10787. Copyright © 2013 




A random distribution of Si-NWs with smaller diameters possibly results in a superior light absorption 
as obtained for the well-ordered structures which were investigated in the present thesis.
167
 This 
reinforces the consideration to include a broader range of different Si-NW morphologies for future 
studies on the impact of electropolishing procedures on hybrid device performance. However, other 
fields of application, like the use of Si-NWs for field effect transistor (FET) based biosensors or for 
biomolecular immobilization, require a precise control of the wire parameters. This prerequisite can be 
only fulfilled, if the MACE procedure is combined with lithography methods such as shadow sphere 
lithography. As presented, the combination of both procedures resulted in well-ordered Si-NW 
structures. Although a broad range of different Si-NW structured surface morphologies were obtained, 
the fabrication of structures with rather small wire diameters and a large inter-wire spacing revealed to 














4. Tailoring of Si nanowires by electrochemical processing 
The metal assisted etching procedure (MACE) in combination with shadow nanosphere lithography is 
a convenient method to fabricate highly ordered Si nanowire arrays. Although a wide range of 
different morphologies are accessible with MACE, the fabrication of wire arrays with wires of small 
diameters and a large inter-wire distance revealed to be challenging. Within this chapter, 
electrochemical methods will be presented to reduce the wire diameter subsequent to the MACE 
procedure. The properties of the resulting wire morphologies will be discussed. Of course, these 
electrochemical procedures can be also applied to structures grown by different techniques, such as the 
vapor-liquid solid (VLS) mechanism. This would open new possibilities for this growth technique, 
since the size of the Au particle not just determines the diameter of the resulting wire, but also its 
crystal orientation.  
4.1 Stability of the polystyrene spheres towards RIE 
Si nanowire arrays with different wire diameters, lengths and inter-wire distances can be obtained by 
the MACE procedure. The shadow nanosphere lithography is conducted by the use of polystyrene 
spheres, which are commercially available in different diameters. Figure 4.1 illustrates the scheme of 
the MACE procedure in combination with shadow lithography as it has already been presented in 
chapter 1.3.2. 
 
Figure 4.1: Mechanism of the MACE procedure in combination with shadow nanosphere lithography. 
a) Deposition of polystyrene nanospheres by using a Langmuir-Blodgett trough. b) Reduction of the sphere 
diameter by oxygen plasma (RIE). c) Deposition of the metal catalyst. d) Removal of the polystyrene spheres. 
e) Exposure of the sample towards an etching solution resulting in nanowire formation. f) Removal of the metal 
catalyst. 
The first step of the MACE procedure comprises the deposition of the polystyrene spheres on the 
planar Si surface by using a Langmuir Blodgett trough. In the subsequent step, the diameter of the 
spheres is reduced by oxygen plasma, which is further denoted to as reactive ion etching (figure 4.1, 
step b)) (RIE). The time period of the RIE procedure determines the diameter reduction. The observed 
diameter reduction of polystyrene spheres due to the treatment by oxygen plasma (30 W, 60 sccm) is 
illustrated in figure 4.2. 
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Figure 4.2: Diameter reduction of the polystyrene nanospheres with an initial diameter of 1 µm in dependence 
on the time period of the treatment in oxygen plasma. The red dashed line displays a guide to the eye. 
 
It should be noted that the resulting diameter of the spheres after the RIE procedure further determines 
the diameter of the future nanowires. Although a broad range of different wire diameters and lengths 
can be achieved, the MACE procedure still suffers from some limitations. It was found that the 
polystyrene spheres are not indefinitely resistant to RIE, if this process is conducted for extended time 
periods.
168
 For long time periods in the oxygen plasma the rims of the spheres begin to frazzle. Figure 
4.3 illustrates the morphology of polystyrene spheres before RIE (0 min) and after 8 and 16 minutes of 
exposure to oxygen plasma. After 8 minutes, the rims of the nanospheres were mainly intact, with 
little to non-visible abrasions. However, a strong abrasion became visible after 16 minutes of 
exposure. 
 






Figure 4.3: Polystyrene spheres on a flat Si surface. a) Directly after deposition with a Langmuir Blodgett 
trough. b) After 8 min RIE and c) after 16 min RIE. Long RIE times lead to undesired frazzled surfaces of the 
polystyrene nanospheres.  
 
If spheres with a morphology as obtained after 16 minutes of RIE are used in a MACE process, wires 
with a high surface roughness are obtained. Figure 4.4 a) depicts a nanowire array obtained by MACE 
using intact polystyrene spheres. Figure 4.4 b) illustrates a nanowire structured surface obtained by 
MACE using frazzled polystyrene spheres. Here, the Si-NW array is still well-ordered, but the 
obtained wires display a high surface roughness. Furthermore, the surface of the Si substrate itself 
displays a strong surface damaging after the treatment with oxygen plasma for an extended time as it 
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Figure 4.4: Nanowire structures obtained by MACE in combination with shadow mask lithography using 
polystyrene spheres. a) Structures obtained by using regular shaped polystyrene spheres. RIE time: 6 min. 
b) Porous wires on an undulate Si surface due to the use of frazzled polystyrene spheres for shadow mask 
lithography. RIE time: 14 min. 
 
The obtained results demonstrate that wire arrays with small wire diameters and a large inter-wire-
spacing are difficult to generate due to the instability of the polystyrene spheres towards the oxygen 
plasma. Instead, nanowires with a rather rough surface on an undulated surface were obtained. 
Moreover, an enhanced surface roughness results in a higher amount of surface defects, which is 
undesirable if devices such as solar cells are considered.
138
 To address this problem, electrochemical 
methods have been investigated and are discussed in the following sections. 
 
4.2 Wire diameter reduction by potential sweeps  
To reduce the wire diameter by potential sweeps, the potential was scanned from -1 V to +9 V and 
back for several times. Figure 4.5 exemplarily illustrates a complete potential sweep from -1 V to +9 
V and back. The experiments towards the diameter reduction by potential sweeps were conducted in 
the same electrochemical setup as used for the electropolishing experiments. A schematic illustration 
of the setup is depicted in figure 2.3, chapter 2.2.1. 
 
a)  b)  































Figure 4.5: Forward and backward potential sweeps from -1 V to +9 V of Si-NWs in 0.1 M NH4F (pH 4). 
 
Considering the I-V-characteristics as presented in figure 1.17, potentials more anodic than UPS lead to 
a tetravalent dissolution and thus to an intermediate oxidation of the surface. As seen in figure 4.5, if 
potential sweeps are conducted, the sample is in the electropolishing/oxidation regime for most of the 
time. During a potential sweep, only for a short time period of about 26 s a potential more cathodic 
than UPS is applied. This short period in the regime of the divalent Si dissolution is not sufficient to 
remove the oxide layer, as it has been observed by in situ PL measurements (not shown). As a 
consequence, the Si surface is constantly covered by an oxide layer, whereas its thickness varies 
depending on the applied potential.
26
  
Different numbers of potential sweeps were conducted to determine the extent of the etching 
abrasion and the impact on the wire morphology. The SEM images of Si wire arrays obtained after 
ten, 20 and 30 sweeps, as well as of the initial wire morphology, are depicted in figure 4.6. 
 





Figure 4.6: SEM images of Si wire arrays after the application of different numbers of potential sweeps. 
a) Initial surface morphology, b) after 10 potential sweeps, c) after 20 potential sweeps and d) after 30 potential 
sweeps. 
 
A clear etching abrasion can already be seen after ten potentials sweeps. Furthermore, the grooved 
surface morphology of the sidewalls of the nanowires appeared to be smoothed during the 
electrochemical procedure. For higher numbers of potential sweeps a progressive smoothing of the 
sidewalls and a reduction of the wire diameter becomes apparent. However, the wire morphology 
obtained after 30 potential sweeps displays a strong etching of the wire top and leads to an interesting 
structure. Although it could be assumed that this surface structure might exhibit an increased DSS, the 
obtained in situ PL spectra for ten potential sweeps revealed the opposite as can be seen from figure 
4.7. 
as prepared 10 sweeps 
20 sweeps 30 sweeps 
a)  b)  
c)  d)  




























Figure 4.7: IPL over time monitored during 10 etching sweeps. During the sweeps, no PL intensity can be 
observed due to white light illumination of the sample. 
 
Please, note that due to the required additional illumination to induce the anodic oxidation of the Si 
surface no PL spectra could be determined during the potential sweeps. Additionally, the observed 
spikes in the spectrum can be assigned to the desorption of gas bubbles present on the sample surface. 
The PL intensity, IPL, is increased about 63% after the performance of ten potential sweeps. An 
increase in IPL was obtained for all other experiments too, which implies a decrease of the surface 
defect density upon the electrochemical treatment. In table 4.1 the determined etching abrasions 
(reduction of the radius) for the respective number of conducted potential sweeps are summarized 
 
Table 4.1: Amount of the conducted potential sweeps and the obtained reduction of the nanowire radius Δr. 
experiment ∆r [nm] 
10 potential sweeps 40 
20 potential sweeps 80 
30 potential sweeps 100 
 
The etching abrasion seems to be proportional to the number of conducted sweeps with a reduction of 
the wire radius of about 4 nm per sweep.  
To investigate the etching efficiency of this method, the amount of charge necessary for the 
respective etching abrasion was calculated and compared with the measured amount of charge flown 
during the procedure. The used electrochemistry setup (see figure 2.3, chapter 2.2.1) is designed to 
modify circular sample areas of about 12.6 mm2. In case of the structured surfaces, the surface area is 




enlarged due to the additional surface of the nanowires. To determine the amount of charge necessary 
for a certain etching abrasion, the total surface area, Atotal, of the herein used samples was calculated at 
first. As mentioned earlier, the polystyrene spheres assemble in the hexagonal close packed (hcp) 
array. Therefore, a unit cell as depicted in figure 4.8 can be drawn. 
 
 
Figure 4.8: Hexagonal close packing of the polystyrene spheres with the resulting unit cell. 
In the present case the unit cell contains one single nanowire. Since a hexagonal close packing is 
defined by the base vectors |a⃗ | = |b⃗ | and the angle α = 120°, the surface area spanned by the 





Aunit cell = |a⃗ |∙|b⃗ | sin α= |a⃗ |





Aunit cell = (1 μm)
2 ∙ sin (120°) =  0.87 μm2 . 
 
(4.2) 
Regarding the herein used samples, the initial wire length, h, was about 982 nm, whereas the wire 




























ANW = 2.47 ∙ 10
6 nm2 + 0.50 ∙ 106 nm2=2.97 ∙ 106 nm2 = 2.97 μm2 . 
 
(4.6) 
Therefore, on the area of the unit cell, which is about 0.87 µm
2
, a wire surface area of 2.97 µm
2
 is 












Consequently, the total area, Atotal, in contact with the electrolyte increases from 12.6 mm
2
 for planar 




 Atotal = 12.6 mm
2 ∙ 3.41 ≈ 43 mm2 . (4.8) 
 
If other than the stated wire parameters are used (height and diameter), the value of Atotal will be 
different. For every experiment the measured etching abrasion was converted into the removed amount 
of crystal volume, VETCH. It is assumed that the etching abrasion is uniform at all points of the sample 












a) as prepared b) after etching 
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VETCH can therefore be calculated by: 
 
 VETCH = ∆r ∙ Atotal , (4.9) 
 
where Δr refers to the obtained change of the wire radius after the respective experiment. According to 
the literature, a single Si atom in crystalline Si has a volume of about 0.02 nm
3
, further denoted as 
VSi.
15
 Thus, VETCH was divided by 0.02 nm
3
 to determine the number of Si atoms oxidized and etched-




Since 1 Coulomb involves a transfer of 6.24·10
18
 elementary charges, the amount of required charge, 










6.24 ∙  1018
 .  
(4.10) 
 
Table 4.2 summarizes the calculated required charge QC in comparison with the measured charge QM 
of the obtained etching abrasions respectively. 
 
Table 4.2: Obtained etching abrasions of the conducted experiments together with the calculated required charge 
and the actual measured charge. 
 










10 potential sweeps 40 55 160 
20 potential sweeps 80 110 270 
30 potential sweeps 100 138 315 
 
It should be emphasized that the calculated values only represent an estimation due to the rather 
simplified model used for the calculations. First of all, it is assumed that every charge carrier 
contributes to the etching process. Furthermore, the calculations do not take the divalent etching 
mechanism into account that determines the etching of Si at potentials lower than UPS. During a 
potential sweep, such potentials are applied as well, although only for a very short time period (figure 
4.5). In addition, it is unclear whether a potential drop may occur alongside the nanowires, which 
would result in a lower potential at the wire tops than actually applied. This lead to the divalent 
dissolution. In this case, only one hole is required per etched Si atom and thus the required charge 






 Moreover, the surface roughness present on the wire surfaces after the MACE 
procedure, as determined by SEM images, would of course result in an increased value of Atotal. 
However, the performed calculations help to specify the processes that occur at the Si surface and to 
assess the etching efficiency. The values of QC and QM are both visualized in figure 4.10.  
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Figure 4.10: Bottom: calculated required charge QC (blue dashed line) compared to the measured charge QM 
(green dotted line) for different amounts of etching abrasions obtained by potential sweeps. Top: charge 
efficiency = Qc/QM. 
 
As it becomes apparent from the top of figure 4.10, the etching efficiency increases the more potential 
cycles are performed. However, a significantly higher amount of charge is required for any observed 
etching abrasion than theoretically calculated. This observation can probably be assigned to capacitive 
effects that take place at the Si/electrolyte interface. Here, the two conducting regions, the electrolyte 
and the Si electrode, are separated by an insulating layer, namely the Si oxide layer and the depletion 
region at the Si surface. Furthermore, the transition from the crystalline Si electrode to the rather 
amorphous Si oxide layer displays a discontinuity, resulting in dangling bonds/unsaturated bonds. 
These unsaturated bonds lead to the generation of localized energy states in the band gap of Si.
172
 
During the potential sweeps, the Si surface is constantly covered by an oxide layer, whereas the 
thickness of this oxide layer depends on the applied potential.
100
 Hence the thickness of the oxide layer 
is constantly changed. As a result, it can be assumed that a certain amount of charge is just consumed 
for charging and discharging of interface states. Interestingly, the etching efficiency η increases with 
the amount of conducted potential sweeps. This observation can be explained regarding the increased 
DSS of a Si surface after the structuring procedure (MACE), which has been already discussed in the 




present thesis before. As determined by PL spectroscopy (figure 4.7), DSS decreases due to the 
performance of potential sweeps. A higher IPL can be attributed to a reduced amount of interface states 
and thus less charge is required for the charging and discharging of these states. As a result, QM is 
reduced and, according to = Qc/QM, the etching efficiency η increases. The question arose, whether a 
similar reduction of the wire radius/diameter can be achieved by other etching methods as well. 
 
4.3 Wire diameter reduction by other procedures  
As indicated in 3.2, for a small number of repetitions of oxide growth/etch-back, also denoted to as 
electropolishing, only a negligible reduction of the wire diameter is observed. In comparison, for 
higher number of repetitions (> 4), a stronger etching abrasion depending on the amount of conducted 
repetitions was determined. Therefore, high numbers of repetitions of oxide growth/etch-back have 
been investigated as a second method to achieve a reduction of the Si wire diameter. In the following, 
this method will be referred to as potential steps since discrete potential steps instead of potential 
sweeps were applied. The same electrochemical setup as in case of the potential sweeps was used 
(figure 2.3). To obtain a similar radius/diameter reduction as in case of the 30 potential sweeps, a Si 
nanowire structured sample with the same initial morphology was treated by 20 potential steps with a 
potential of about +4 V for the oxidation and -0.5 V for the etch-back step. The oxide dissolution 
during the etch-back step was monitored by in situ PL measurements as shown in figure 4.11.  
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Figure 4.11: IPL over time monitored during the application of 20 oxidation steps at +4V for 40 s and the 
subsequent etch-back steps. During the oxidation, no PL intensity can be observed due to white light 
illumination of the sample. 
 




The PL intensity increased constantly during the first 18 potential steps, whereas the increase was 
obtained to be very strong for the last two repetitions. The origin of this sudden increase is still 
unknown, but can probably be attributed to desorption of gas bubbles from the sample surface. At the 
end of the experiment, an increase in IPL of almost three times the initial value was obtained.  
In figure 4.12, the obtained surface morphology after the 20 potentials steps, as well as the initial 
wire array, are illustrated. A radius reduction of about 100 nm and thus a diameter reduction of about 




Figure 4.12: Surface morphology a) before and b) after the repetition of 20 oxidation and etch-back steps. The 
potential of the oxidation step was set to +4 V for 40 s, whereas the potential of the etch-back was set to -0.5 V 
until the maximum IPL was observed. 
 
After the 20 potential steps, the wire morphology appears to be smoothed and less rough as it was 
already obtained after the conduction of potential sweeps. For a direct comparison, SEM images of 
both nanowire surfaces, after 20 potential steps and after 30 potential sweeps, are depicted in figure 
4.13.   
 
             
Figure 4.13: Si nanowire arrays a) after 20 potential steps and b) after 30 potential sweeps. The amount of the 
diameter reduction was very similar for both.  
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The surface appears to be smoother after the sweeps in comparison to the surface treated by the 
potential steps. To understand the occurrence of a stronger etching of the wire tops in case of the 
potential sweeps, one has to consider the etching mechanism of Si in diluted acidic HF solutions as it 
was described in chapter 1.5.3. A single potential sweep starts from -1 V and increases up to +9 V, 
before it is declines back to the initial value of -1 V. Thus, for most of the time potentials more anodic 
than UPS were applied, which lead to the tetravalent dissolution of silicon at which an equilibrium 
between oxide generation and dissolution is established.
87
 As a result, the Si surface is constantly 
covered by an oxide layer. Although during the potential sweeps the potential reaches the regime of 
the divalent dissolution, where the oxide is removed, the short time period in this potential regime is 
not sufficient to achieve a complete oxide dissolution as determined by PL measurements. The rate 
determining species of the Si oxide dissolution, and thus of the smoothing of the surface, are the 
fluoride etching species HF2
-
 and HF. Rough sites and hillocks, and therefore especially the wire tops, 
are more exposed to the etching solution and hence are subjected to a more severe etching abrasion. 
Furthermore, in case of the potential steps, the Si sample was treated for defined time periods of 40 s 
and between the oxidation steps the oxide was always removed completely by the application of a 
potential more cathodic than UPS. At potentials lower than UPS, the dissolution mechanism converts 
into the divalent dissolution mechanism. In this case, holes (h
+
) are the rate determining species and 
the Si surface is uniformly etched from all sites. For the application of 20 potential steps the total time 
in the tetravalent dissolution regime was about 13 minutes whereas in case of 30 potential sweeps the 
total time was about 70 minutes, if possible potential drops alongside the wires are not considered. The 
total time period at which potentials higher than +4 V are applied was about 50 minutes. Therefore, it 
can be easily understood, why a stronger etching abrasion of the wire tops and a smoother sample 
surface was determined in case of the potential sweeps.  
However, not only the total time span of the application of a potential in the tetravalent dissolution 
regime has an impact on the wire morphology, but also the time span of each single etch step and the 
level of the applied potential. Figure 4.14 depicts a Si nanowire structured sample before and after the 








         
Figure 4.14: Morphology of a NW sample a) before and b) after the application of a constant potential of about 
+8 V for 30 minutes.  
 
The transferred charge was around 220 mC, which is comparable to the experiment of 20 potential 
sweeps. However, here the radius of the wires was reduced by about 130 nm, which is about 50 nm 
higher than observed after 20 potential sweeps. As can be seen from figure 4.14, the treatment did not 
only result in a wire diameter reduction, but also led to very strong etching of the wire tops, even 
stronger than it was observed after the conduction of 30 potential sweeps. The procedure further 
resulted in the generation of deep etch grooves and irregular wire shapes, as well as to a partial 
shortening of the wires. These findings can again be attributed to the mechanism of the tetravalent 
dissolution described above. However, the etching abrasion here is apparently not primarily related to 
the time period the sample is exposed to potentials higher than UPS, since in case of the 30 potential 
sweeps the time period such potentials were applied was quite longer. Thus, the level of the applied 
potential, which further defines the thickness of the intermediate oxide and therefore the amount of Si 
atoms that are dissolved, displays another important factor that determines the outcome of the 
electrochemical etching procedure. The higher the applied potential and the longer it is applied, the 
stronger the structures are etched. Figure 4.15 illustrates the PL spectra measured during the 
application of the constant potential. 
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Figure 4.15: IPL over time monitored during the application of a constant potential of about +8 V for 30 minutes. 
 
The IPL is increased after the procedure although the wires are strongly etched. However, since the 
application of a constant potential rather results in a destruction of the wire structure, this method 

















4.4 UV-Vis reflection after the diameter reduction 
Changes in the morphology also evoke changes in the surface reflection. Figure 4.16 shows the 
reflection spectra obtained for the sample etched by 30 potential sweeps from -1 V to +9 V and the 
sample etched by 20 potential steps (+4 V for 40 s) in comparison with an untreated Si-NW surface as 
the reference Additionally, the reflection spectrum of the sample etched by a constant potential of +8 
V for 30 minutes is depicted.  
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Figure 4.16: Reflection of the sample surface after 30 potential sweeps (blue curve) compared with the reference 
(black curve), the reflection of the sample surface after 20 potentials steps (red curve) and the reflection of the 
sample surface after 30 min at +8 V.  
 
The surface reflection increases after the electrochemical processing, irrespective which experiment 
has been conducted. However, a difference in the extent of the increase is clearly visible. The 
performance of potential steps results in a rather low increase of about 1-2% in the wavelength range 
between 400 nm and 800 nm. The reflection of the sample treated with 30 potential sweeps and the 
sample etched at +8 V for 30 min. are very similar. For both cases a stronger increase in the 
reflectance was obtained if compared to the sample treated by the potential steps. Furthermore, the 
reflectivity increase is stronger towards shorter wavelengths. In the area of UV irradiation, the increase 
in reflection is about 15-20%, whereas it is about 5-10% in the visible range. The differences in the 
surface reflection can be assigned to the change in the surface morphology and in particular to the 
reduction of the surface roughness due to the electrochemical procedures.  
 




Potential sweeps and potential steps result in a reduction of the Si wire diameter, whereas the 
application of a constant potential rather leads to a destruction of the wires. The more potential 
sweeps/steps are conducted, the more the wire diameter is reduced. This is of special interest if the 
structuring techniques (MACE/VLS) do not allow the fabrication of surfaces with certain nanowire 
structures like a large interwire spacing in case of MACE. Besides a reduction of the wire diameter, a 
change of the wire morphology was obtained as well. Long time periods at potentials higher than UPS 
result in a stronger etch of the wire tips besides the diameter reduction. Furthermore, higher potentials 
result in a stronger etching abrasion as well. The reflectivity of the surface is strongly enhanced after 
potential sweeps or the application of a constant potential. Only a low increase is obtained after short-
time potential steps were applied. The higher reflectivity in case of the potential sweeps could 
probably be attributed to the higher reduction of the surface roughness after the electrochemical 
procedure. All presented methods result in a reduction of the surface defect density DSS as determined 
by in situ PL measurements. As a result, besides the reduction of the Si nanowire diameter, 
electrochemical etching procedures can be also implemented to obtain a variety of different wire 


















































5. Surface modification towards biosensor applications 
Besides the implementation of Si-NWs for solar cell devices they can as well be used in biosensing 
systems due to the increased surface area. For this purpose, surface functionalization towards binding 
of biomolecules is required. To accomplish that, silane chemistry has been employed to functionalize 
hydroxylated SiO2 via the reaction of the silane molecule with surface -OH groups. Dense and well-
ordered molecular monolayers can be obtained on the surface.
173
 The modification by silanes offers 
the possibility to covalently attach anchor groups for the binding of various molecules.
44,174–176
 The 
properties and the mechanism of the silanization reaction have been discussed in chapter 1.2.2. 
However, if SiNW-based FET sensing devices are considered, the intervening thin oxide layer 
between the crystalline Si and the functional molecular layer is rather unfavorable due to different 
reasons. The Si-SiO2 interface is mostly of poor quality and thus rich in surface defects at which 
charge carriers are trapped and/or scattered.
10,11,177
 Several studies revealed a higher transconductance 
and charge carrier mobility, if the intervening oxide layer was avoided by a direct Si-C bond formation 
on the Si-NW surface.
9
 It was also determined that methyl passivated Si-NWs displayed improved 
field effect transistor properties.
10
 Of course, methylation displays a useful approach towards surface 
passivation and chemical stabilization, but the low reactivity of the methyl group does not allow for 
further modifications of the chemical and physical surface properties. Several pathways have been 
studied to functionalize the Si surface by other molecules than alkyl chains and simultaneously avoid 
the generation of an intervening oxide. To obtain functional groups covalently bound to the surface, 
protecting groups strategies and several reaction steps are necessary due to the high reactivity of the 
Si-H surface towards -OH, -CHO, -NH2 or -SH groups. Especially if protection group strategies are 
considered, usually harsh chemicals have to be used which can damage the substrate surface.
178–180
 In 
this chapter, a novel strategy to obtain free-standing hydroxyl groups on the Si surface without an 
oxide layer beneath will be introduced. These hydroxyl groups were further modified by the use of the 
well-studied and highly versatile silane chemistry. Thus, terminal amino, maleimido and ester 
functions were obtained. Ex situ IRSE measurements have been performed to analyze the long-term 
stability of the hydroxyl groups at the Si surface and to determine the presence of functional groups 
after surface modification. 
5.1 Free standing air stable hydroxyl groups 
To obtain a Si surface with free-standing hydroxyl groups, the hydrogenated Si surface was first 
halogenated and then subsequently reacted with benzyl magnesium chloride as depicted in figure 5.1. 
 






Figure 5.1: Reaction scheme of the bromination and subsequent passivation by benzyl groups. For reaction 
conditions and reagents see experimental methods. 
 
Due to steric hindrance, Br terminated sites between the benzyl molecules will not react. The air 
moisture induced oxidation of these unreacted Br terminated sites led to the evolution of hydroxyl 
groups by hydrolysis. IR ellipsometry measurements were used to confirm the presence of hydroxyl as 















































Figure 5.2: IRSE spectrum of the benzyl passivated Si surface. The inset depicts the enlarged signal of the 




The signal at 1107 cm
-1
 can be assigned to the presence of interstitial oxygen in the Si crystal νOi.
181–183
 
At around 1640 cm
-1
 the aromatic ring vibrations are visible.
184,185





 comprises the weak modes of the -C-Hx deformation vibrations.
185,186
 Finally, the presence 
of free-standing hydroxyl groups on the Si surface is confirmed by the sharp signal for the SiO-H 








 Apparently, the benzyl moieties function as a kind of spacer, 
since vicinal hydroxyl groups would quickly condensate to form a silicon oxide bond.
189
 In that case 
the signal of the surface hydroxyl groups at ≈ 3700 cm-1 would disappear, as well as signals of SiO2 
would become visible. Therefore, it can be concluded that the herein obtained hydroxyl groups are 
rather isolated from each other.  
IRSE measurements have also been used to investigate the long-term stability of the hydroxyl 
groups on the Si surface. The measurements started right after the sample preparation and were 
continued for 56 days. Figure 5.3 illustrates the long-term IRSE measurements towards the stability of 
the hydroxyl groups at ambient conditions 







































Figure 5.3: (A) Long-term measurements of benzyl-terminated Si in ambient air. At around 3700 cm
-1
 the SiO-
H stretching vibration is visible. B) Relative change of the integrated IR-signal intensity of the SiO-H vibration 
(see A) as a function of time. 
 
For the first 12 days of measurement, the signal intensity remains almost constant. After 33 days, the 
first decrease in the signal intensity was observed. After 56 days, the signal intensity decreased further, 
but is still clearly visible. Even after 56 days, the signal intensity of the SiO-H stretching vibration is at 
about 40% of its initial value. Consequently, benzylation of Si(111) surfaces led to free-standing and 
long-term stable hydroxyl groups bounded to Si surface atoms. The decay seems to be linear with a 
slope of -0.013 day
-1
 with a decrease of the IR signal by 1.3% per day. The high stability of the 
hydroxyl groups allows for the use of such modified surfaces at ambient conditions for further 
functionalization. Apparently, the benzyl moieties do not only serve as a spacer for the hydroxyl 
groups, but do also help to prevent the surface from oxidation.  
In analogy to glass and oxidized Si surfaces, the herein generated Si-OH groups can be further 
modified as well. This is rather imperative if the surfaces are intended to be used for 




immobilization/sensing applications. Due to the inert properties of the benzyl groups, any subsequent 
functionalization only takes place at the hydroxyl groups and does not affect the benzyl moieties. 
Hence, the benzyl groups preserve the surface passivation without interfering with further reactions or 
functional groups bound to the hydroxyl groups. In the following, the obtained hydroxyl groups were 
used to bind different molecules directly to the Si surface without the presence of an intervening Si 
oxide layer. 
5.2 Modification of the hydroxyl groups by APTES and maleimide 
As described previously, silane chemistry is widely employed to covalently attach various organic 
functionalities, like amines, thiol, carboxy, epoxy and other functional groups, to a hydroxylated glass 
or oxidized Si surface.
190
 Because of its terminal amino group, (3-aminopropyl)triethoxysilane 
(APTES) is one of the most extensively used silane reagent for biomolecule immobilization to develop 
biosensors.
47,48,53,191
 Therefore, in a first approach the obtained hydroxyl groups were reacted with 




Figure 5.4: The reaction scheme of the covalent attachment of APTES to the hydroxyl groups on the Si surface. 
 
Figure 5.5 depicts the obtained spectra for the APTES modification together with the spectrum of the 
benzyl-terminated surface for comparison. 





































Figure 5.5: IRSE spectra of the benzyl-terminated Si surface (blue dotted line) in comparison with the APTES 
modified surface (green line). 
 
The most noticeable features are present in the spectral region between 1000 cm
-1
 and 1250 cm
-1
, the 
region of Si-O and SiO-C vibration modes. The strong signal at 1152 cm
-1
 can be assigned to the 
formation of siloxane bonds between the surface hydroxyl and the silane hydroxyl groups. The 
appearance of this signal already confirms the covalent attachment of APTES to the surface.
43,54
 The 
signal of the SiO-C stretching vibtration at around 1107 cm
-1
, which overlaps with the band caused by 
the presence of interstital oxygen, is strongly superposed by the bands of the formed siloxane bonds. 
The SiO-CH2CH3 rocking mode at 1198 cm
-1
 derives from the ethoxy groups of the silane molecue.
192
 
The hydrolysis and subsequent bonding of APTES to the surface requires catalytic amounts of water 
and at anhydrous conditions, physisorbed water at the Si surface and the glassware is the only 
significant source of water in the system.
47,48
 The presence of the stated signals indicate that a certain 
quantity of non-hydrolyzed ethoxy groups remains at the surface. The broad signal in the range 
between 2820 cm
-1
 and 2990 cm
-1
 originates form the superposition of the bands of the symmetric and 
asymmetric CH2 and CH3 stretching vibtrations of the propyl chain and the non-hydrolyzed ethoxy 
groups.
43
 At 1570 cm
-1
 the weak signal of the NH2 scissor vibration is visible, whereas at 1610 cm
-1
 
the asymmetric deformation mode of NH3
+
 can be seen.
54,192
 The latter peak is sometimes visible, since 
the sample is exposed to air after preparation which can result in protonation of the amino groups by 
water molecules.
43
 The N-H stretching vibration mode, located at 3300 cm
-1
, was not observed due to 
its weak dipole moment. According to the literature, especially for very thin layers of APTES this 
signal is almost impossible to detect.
43
 In addition, the SiO-H stretching vibration at 3700 cm
-1
 




dissappears upon the reaction with APTES. All these signals confirm the successful binding of APTES 
to the surface hydroxyl groups. Please, note again that for the herein obtained surfaces no intervening 
oxide layer is present. To prove if the APTES molecules, now bound to the Si surface, could be further 
reacted to allow e.g. for the immobilization of biomolecules, the terminal amino was subsequently 
modified. Maleimide derivatives are commonly used for the immobilization of oligonucleotides or 
proteins, since they selectively react with terminal thiols or thiols of cysteine residues.
193,194
 For the 
present work, the Si-bound APTES molecules were reacted with N-maleoyl-β-alanine, a hetero-
bifunctional maleimide derivative, via the EDC/NHS activation route. The reaction scheme is 
illustrated in figure 5.6. 
 
 
Figure 5.6: Modification of APTES by N-maleoyl-β-alanine via amide coupling. 
 
The maleimide-activated surface was analysed by IRSE measurements and the obtained spectrum is 
depicted in figure 5.7. Both spectra have been referenced to Si-H. Due to the superimposition of the 
vibration modes of the aromatic ring with the amide signals, the obtained spectra of the APTES 
modified surface and the maleimde modified APTES on the Si sample have been referenced. 



































Figure 5.7: IRSE spectra of the Si surface modifed by APTES (1), after APTES modified by N-maleoyl-β-
alanine (2), and (3) the referenced spectrum of (2) by (1).  
 
The C=O stretching vibration of the maleimid ring at 1714 cm
-1
 is the most intense signal obtained 
after the spectral normalization. The generated amide bond results in the appearance of Amide I and 
Amide II bands. The broad Amide I band derives from the C=O stretching vibration and is present in 
the spectral range between 1615 cm
-1
 and 1680 cm
-1
. In the range between 1500 cm
-1
 and 1610 cm
-1
 
the Amide II band appears, which consists of the C-N stretching vibration and the C-N-H deformation 
vibration modes.
195,196
 The presence of these two bands in combination with the carbonyl stretching 
vibrations of the ring confirm the binding of N-maleoyl-β-alanine to APTES.  
In general, the siloxane bonds between the aminosilanes and the Si surface hydroxyl groups 
hydrolyze if exposed to aquaous solutions as used for the functionalization with the maleimide 
derivative.
43,197,198
 The hydrolyzation reaction itself is driven by the nucleophilic attack of the siloxane 
bond by the amine groups that is catalyzed by water molecules.
198
 However, no hydrolysis was 
observed in the present case which can be due to different reasons. On the one hand, the hydrolysis 
could be impeded by the sterical hindrance caused by the benzyl groups. On the other hand, the amino 
groups are transformed into amide bonds due to the maleimide coupling and thus cannot participate in 
the hydrolyzation reaction anymore. The latter case of course entails that the functionalization 
proceeds faster than the hydrolyzation. In any case a high hydrolytic stability in aquous media of such 
functionalized surfaces is highly desired, since sensing applications are often conducted in 
physiological media. Furthermore, any further functionalization procedure is of course eased if water 
can be used as the solvent for the respective reaction.  




The APTES-maleimide modified surfaces could now be used for immobilization experiments. The 
site-specific attachment of thiol-containing biomolecules proceeds through the reaction of the thiol 






Figure 5.8: Reaction of a thiol moiety with an imide olefinic bond. R stands for any            
(bio-)organic residue, e.g. oligonucleotides or proteins. 
 
5.3 Modification of the hydroxyl groups by AMMS  
In addition to the surface modification with APTES and subsequent reaction with a maleimide 
crosslinker, other hydroxyl-terminated Si samples have been reacted with 
acetoxymethyltrimethoxysilane (AMMS) to demonstrate the versatility of modification of the 
hydroxyl functions. By the surface modification with AMMS, terminal ester functions are introduced 




Figure 5.9: The reaction scheme of the covalent attachment of AMMS to the hydroxyl groups on the Si surface 
 
The IRSE spectrum of the AMMS modified Si surface, illustrated in figure 5.10, displays similar 
characteristic features in the range of 1000-1250 cm
-1
 as it was the case for the surface modification 
with APTES. 
 







































Figure 5.10: IRSE spectra of the benzyl-terminated Si surface (blue curve) in comparison with the AMMS 
modified surface (red curve).  
 
As for the APTES-modified sample, the signal at around 1142 cm
-1
, which is caused by the formation 
of siloxane bridges, already gives evidence of the successful binding of AMMS to the surface. 
However, this band is strongly superposed by the signal of the SiO-CH3 stretching vibration at 1107 
cm
-1
. The appearance of this signal indicates that there are still non-hydrolyzed methoxy groups 
present at the silane molecules and therefore the signal at 1175 cm
-1
 can be assigned to the SiO-CH3 
rocking mode. As for the modification by APTES, the incomplete hydrolyzation is due to the 
anhydrous conditions at which the reaction took place. Since the overlap caused by the SiO-CH3 
stretching vibration is rather strong and the intensity of the signal is far stronger than the band of the 
siloxane bonds, it can be assumed that the C-O stretching vibrations of the ester bonds are present in 
this spectral range as well and thus contribute to the observed overlap.
128
 The strong signal of the 
carbonyl C=O stretching vibration is clearly visible at 1744 cm
-1
. Furthermore, the symmetric CH2 
stretching vibration appears at 2853 cm
-1
, whereas the asymmetric stretching vibration is visible at 
2931 cm
-1
. Due to the formation of siloxane bonds, the signal of the SiO-H stretching vibration at 3700 
cm
-1
 disappears upon the silanization with AMMS. All the observed peaks confirm the successful 








In the beginning of this chapter a passivation strategy was presented that led to the formation of  
hydroxyl groups directly bound to the Si surface without the presence of an intervening oxide layer. 
Usually, due to the fast oxidation of Si surfaces at ambient conditions, hydroxyl groups are only 
present on oxidized Si surfaces, but not directly bound to the Si surface. According to the long-term 
IRSE measurements, the obtained hydroxyl groups are well-separated from each other by benzyl 
moieties and thus they are not able to condensate. Although stored at ambient conditions for a long 
time period, no oxide layer evolved on such a modified sample. This indicates that the Si surface is on 
the one hand well-passivated and on the other hand, the generated hydroxyl groups are highly stable. 
A Si surface with stable hydroxyl groups, but without an intervening oxide has not been obtained 
before. The high stability further provides the opportunity to perform subsequent functionalization 
steps at ambient conditions. The conducted experiments prove that the herein obtained free and air 
stable hydroxyl groups can be used to bind any desired functional group to the Si surface via the 
silanization route, independent of the functional group identity. Further modifications lead to intersting 





















In this thesis, nanowire structured Si surfaces were synthesized by using the metal assisted chemical 
etching procedure (MACE) in combination with shadow nanospheres lithography. Although this 
technique resulted in well-ordered structures, the etching process further leads to the formation of 
dangling bonds, kink sites, steps and surface roughness of the wires. Therefore, the first aim was to 
reduce the surface defect density after the structuring by electropolishing procedures and to find a 
good passivation that preserves the low defect state concentration of hydrogen-terminated Si surfaces. 
It was further attempted to determine the impact of electropolishing in combination with surface 
passivation on the performance of hybrid solar cells. Another aspect of this work was to change the 
wire parameters, namely the diameter and the distance, after the structuring and thus to expand the 
variety of possible surface morphologies. Different electrochemical and chemical passivation 
techniques were elaborated not only to avoid surface oxidation, but also to introduce interesting 
functionalities onto the Si surface. All these factors, the reduction of the surface defect density, the 
suitable passivation, as well as the precise control of the surface morphology find their use in the 
broad field of hybrid devices where interfacial properties play a crucial role. 
 
 
Electropolishing and passivation of Si nanowire structured surfaces  
Structuring procedures usually result in an increased defect concentration at the surface. 
Electropolishing, which describes the repetitive electrolytic growth and dissolution of a surface layer, 
was used to reduce the defect density of the herein fabricated Si nanowires after the structuring 
procedure. The constant monitoring of the electropolishing experiment by in situ PL measurements 
allowed for the optimization of the process. The amount of oxidation/etch-back steps necessary to 
reach a sufficient reduction of the surface defect density was determined by the progress of the PL 
intensity. During the etch-back, the occurrence of the well-known dark-current transients in the 
current-time (I-t) characteristics of flat Si surfaces was observed also for the nanowire structured Si 
surfaces. The transients appeared when the oxide dissolution began and leveled off if the surface 
hydrogenation is completed. Furthermore, the amount of charge that passes the electrode during the 
dark-current transients decreased with the reduction of the defect density. The good passivation, as it 
is obtained by hydrogen-termination, was preserved by the electrochemical grafting of methyl groups 
subsequent to the electropolishing procedure. Like in the case of flat Si surfaces, the methyl 
passivation of nanowire structured surfaces is air-stable as determined by long-term PL measurements. 
Thus, a combination of electropolishing and methyl-passivation is perceived as a facile process to 
improve the electrical interface properties. The impact of the electropolishing procedure and the 
subsequent methyl passivation on the efficiency of hybrid solar cells was investigated by combining 





device, an enhancement of the solar cell efficiency of about 1% from 6.7% to 7.8% was obtained. 
Additionally, an increase in the short circuit current (JSC) of about 3 mA/cm
2





 was determined. Although the efficiency of the fabricated hybrid devices with 
electropolished and methyl-passivated nanowire structures is rather low, the obtained results still show 
that the electropolishing procedure has the potential to increase the device efficiency by improving the 
interface properties. 
 
Tailoring of Si nanowires by electrochemical processing 
The motivation of a post-MACE modification of the wire structures was given by the fact that the 
polystyrene spheres, which are used for the shadow mask lithography, are not stable towards long-
term exposure to oxygen plasma. As a result, surface structures with a large inter-wire spacing cannot 
be fabricated by MACE only. Potential sweeps as well as potential steps can be used to reduce the 
wire diameter after the texturing procedure, whereas the application of a constant potential rather 
destroys the wire structure. Independent of the type of the performed electrochemical procedure the 
surface reflection is increased after the experiment. In case of potential steps the increase of the 
surface reflection is about 1-2% only in the wavelength area between 400 and 800 nm, whereas for the 
potential sweeps an increase of 5-10% was observed. For all experiments a reduction of DSS was 
determined by PL measurements. 
 
Surface modification towards biosensor applications 
Silane chemistry is commonly used to covalently attach organic molecules to hydroxylated SiO2 
surfaces. The bound silane molecules can be further modified to use them as anchor groups for the 
immobilization of various biomolecules in biosensor applications. However, regarding e.g. SiNW-
based FET sensing devices, the intervening oxide layer has a few disadvantages due to a defect-rich 
Si/SiO2 interface if the oxide was not grown under controlled conditions. Additionally, devices where 
the functional groups are directly bound to the Si surface without an intervening oxide layer show a 
higher transconductance. Within this work, a synthetic pathway was developed where separated 
hydroxyl functions were directly bound to the Si surface. Such surfaces have not been obtained before 
due to the fast condensation of adjacent hydroxyl groups on Si surfaces leading to oxide formation. As 
determined by IRSE measurements, the herein obtained Si-OH surface groups exhibited a long-term 
stability at ambient atmosphere. To investigate the possibility to bind any desired functional group to 
the Si surface via the silanization route, two different silane molecules, APTES and AMMS, were used 
in the present thesis. APTES is one of the most frequently employed silane molecules because of its 
terminal amino function. AMMS has a terminal ester function that could be hydrolyzed and further 
functionalized in a subsequent step. The APTES molecules bound to the Si-OH groups were modified 
by a maleimide derivative. This modification allows for the specific binding of thiol containing 





successful binding was determined by IR ellipsometric spectroscopy. Thus, it was achieved to prepare 
Si surfaces with different functional groups directly bound to the Si surface without an intervening 
oxide layer. Further modifications of the functional groups could help to fabricate surfaces with 
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